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A 


INTRODUCTION 

Background.  The  matrix  metalloproteinase  (MMP)  family  of  endopeptidases  has  been  shown  to 
play  a  central  role  in  the  promotion  of  tumor  invasion  and  angiogenesis  in  breast  carcinomas  (1, 
2)  by  their  ability  to  mediate  the  degradation  of  extracellular  matrix  (ECM)  components  as  well 
as  non-ECM  proteins.  A  key  aspect  of  proteolytic  degradation  in  cancer  cells  involves  the 
targeting  of  enzymes  to  the  cell  surface.  Studies  with  various  protease  systems  have  shown  that 
surface  association  of  ECM-degrading  proteases  in  cancer  cells  regulates  enzyme  activity  and 
interactions  with  protease  inhibitors  (3,  4).  To  achieve  their  full  potential  in  pericellular 
proteolysis,  the  members  of  the  MMP  family  evolved  into  secreted  and  membrane-tethered 
multidomain  enzymes  by  incorporating  distinct  domains  that  facilitate  binding  to  ECM 
components  and  surface  molecules  in  the  case  of  soluble  MMPs  such  as  the  gelatinases  (MMP-2 
and  MMP-9)  and  unique  domains  that  anchors  the  enzyme  to  the  cell  surface,  in  the  case  of  the 
MT-MMPs. 

The  gelatinases  (MMP-2  and  MMP-9)  represent  a  subgroup  of  MMPs  that  can  degrade 
basement  membrane  collagen  IV  and  therefore  they  have  been  implicated  in  metastasis  in  many 
human  tumors  including  breast  cancer  (1).  As  soluble  MMPs,  the  gelatinases  developed  rmique 
mechanism  of  surface  association.  For  example,  the  latent  form  of  pro-MMP-2  binds  to  a 
surface  complex  of  MTl-MMP  with  TIMP-2,  which  plays  a  role  in  activation  of  pro-MMP-2  (5). 
Pro-MMP-9  binds  to  the  cell  surface  via  the  a2(r/)  chain  of  collagen  IV  or  via  the  hyaluronic 
receptor  CD44  (3).  However,  their  roles  in  MMP-9  regulation  are  not  known.  Furthermore, 
other  surface-binding  proteins  may  exist. 

MTl-MMP  is  a  member  of  the  MT-MMP  subfamily  of  MMPs  that  is  anchored  to  the  cell 
surface  by  the  presence  of  a  transmembrane  domain  (6).  MTl-MMP  is  expressed  in  both  breast 
cancer  cells  and  in  the  tumor  stroma  (7).  As  membrane-tethered  MMP,  MTl-MMP  plays  a  key 
role  in  pericellular  proteolysis  and  is  a  known  activator  of  pro-MMP-2  on  the  cell  surface.  The 
activation  process  involves  the  action  of  TIMP-2,  which  binds  to  active  MTl-MMP  forming  a 
surface  “receptor”  for  pro-MMP-2.  The  interactions  of  TIMP-2  with  MTl-MMP  and  the  role 
they  play  in  pro-MMP-2  activation  and  MTl-MMP  regulation  are  not  well  understood. 
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Purpose.  The  purpose  and  scope  of  the  Academic  Award  proposal  is  to  focus  our  research 
efforts  in  understanding  the  cell  surface  regulation  of  the  gelatinases,  MMP-2  and  MMP-9,  and 
MTl-MMP  with  the  goal  to  decipher  the  role  of  these  enzymes  in  breast  cancer  progression. 

BODY 

Note:  Since  the  results  of  the  following  section  have  been  published,  we  respectfully  request  the 
reviewers  to  refer  to  the  enclosed  publications  for  details  in  experimental  procedures  and  results. 

I-  Studies  on  MTl-MMP  and  MMP-2  Regulation.  (J.  Biol.  Chem.  275,  12080-12089,  2000). 
During  the  first  year  of  the  grant  (1999-2000),  we  have  focused  in  studying  how  MTl-MMP 
promotes  the  activation  of  pro-MMP-2  and  the  role  of  TIMP-2  in  this  process.  We  chose  to 
carry  out  these  studies  with  purified  proteins  in  a  defined  cellular  system  to  avoid  interference 
with  other  endogenous  proteases  and  uihibitors.  We  used  a  recombinant  vaccinia  system  to 
express  MTl-MMP  alone  or  in  combination  with  various  levels  of  TIMP-2  in  mammalian  cells. 
We  found  that  TIMP-2  regulates  the  amount  of  active  MTl-MMP  (57  kDa)  on  the  cell  surface 
whereas  in  the  absence  of  TIMP-2  MTl-MMP  undergoes  autocatalysis  to  a  44-kDa  form,  which 
displays  a  N-terminus  starting  at  and  hence  lacks  the  entire  catalytic  domain.  Neither  pro- 
MTl-MMP  (N  terminus  S^^)  nor  the  44-kDa  form  bound  TIMP-2.  In  contrast,  active  MTl- 
MMP  (N-tenninus  Y"^)  formed  a  complex  with  TIMP-2  suggesting  that  regulation  of  MTl- 
MMP  processing  is  mediated  by  a  complex  of  TIMP-2  with  the  active  enzyme.  Consistently, 
TIMP-2  enhanced  the  activation  of  pro-MMP-2  by  MTl-MMP.  Thus,  under  controlled 
conditions,  TIMP-2  may  act  as  a  positive  regulator  of  MTl-MMP  activity  by  promoting  the 
availability  of  active  MTl-MMP  on  the  cell  surface  and  consequently,  may  support  pericellular 
proteolysis. 

During  this  year  (99-2000)  of  the  grant,  we  have  also  initiated  studies  to  understand  the  role  of 
MTl-MMP  processing  in  regulation  of  enzymatic  activity,  in  particular  in  promoting  pro-MMP- 
2  activation.  We  hypothesized  that  inhibition  of  MTl-MMP  autocatalytic  turnover  by  TIMP-2  is 
an  important  aspect  of  the  activation  process  because  inhibition  of  MTl-MMP  causes 
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accumulation  of  active  enzyme  on  the  cell  surface.  We  are  testing  whether  synthetic  MMP 
inhibitor  will  also  inhibit  MTl-MMP  autocatalysis  and  will  contribute  to  the  activation  process. 

2.  Studies  on  MMP-9. 

2a.  Biochemical  Characterization  of  the  Monomeric  and  Dimeric  Forms  of  MMP-9.  (J.  Biol. 
Chem.,  275,  2661-2668,  2000).  During  the  first  year,  we  completed  these  studies  on  MMP-9 
characterization.  MMP-9  possesses  a  unique  property  among  members  of  the  MMP  family,  the 
ability  to  exist  in  a  monomeric  and  a  disulfide-bonded  dimeric  form.  We  purified  to 
homogeneity  the  monomeric  from  the  dimeric  form  of  pro-MMP-9  and  studied  their  activation 
by  stromelysin-l,  their  catalytic  competence  and  their  affinities  for  TIMP-1  and  TIMP-2.  These 
studies  revealed  a  significant  difference  in  the  rate  of  activation  with  the  monomer  exhibiting  a 
faster  rate  (one  order  of  magnitude)  when  compared  to  the  dimer  with  values  in  the 
nanomolar  range  and  relative  low  values.  These  studies  suggest  that,  the  existence  of  the 
slow-activating  dimer  of  pro-MMP-9  may  provide  an  additional  level  of  control  during  ECM 
degradation  by  active  MMP-9  species. 

Surface  Association  of  MMP-9.  MMP-9  has  been  shown  to  be  associated  with  tumor 
metastasis  and  angiogenesis  and  is  also  highly  expressed  in  breast  carcinomas  (8).  We  have 
previously  reported  that  in  a  series  of  breast  carcinomas  samples,  MMP-9  protein  was  partly 
detected  in  the  surface  of  the  carcinoma  cells  (9).  We  then  reported  that  cultured  breast 
epithelial  cells  exhibit  surface-associated  MMP-9  (10).  Furthermore,  we  identified  the  a2(IV) 
chain  of  collagen  fV  as  one  of  the  major  surface  binding  proteins  for  MMP-9  in  both 
immortalized  MCFIOA  breast  epithelial  cells  and  MDA-MB-231  breast  cancer  cells  (11). 
However,  the  significance  of  this  binding  for  MMP-9  function  remains  to  be  determined. 

During  the  first  year  of  this  proposal,  we  carried  out  several  studies  to  determine  the  effect  of 
MMP-9  binding  on  enzymatic  activity.  However,  these  studies  are  ongoing  and  have  not 
produced  significant  and  reliable  data.  Following  is  a  short  summary  of  these  studies. 

Activation  of  pro-MMP-9.  Soluble  v^.  Bound.  To  determine  the  significance  of  surface 
association  of  pro-MMP-9,  we  studied  the  rate  of  pro-MMP-9  activation  in  breast  epithelial 
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MCFIOA  cells  that  were  incubated  with  exogenous  pro-MMP-9.  Briefly,  cells  in  24-well  plates 
were  incubated  (45  min,  4°C)  with  pro-MMP-9  (various  concentrations)  to  allow  enzyme 
binding  and  then  rinsed  to  remove  unbound  zymogen.  The  cells  were  then  exposed  to 
stromelysin-1  (at  a  concentration  at  least  10-fold  lower  than  the  amount  of  added  pro-MMP-9). 
After  various  times,  the  semm-free  media  were  collected  and  analyzed  for  activity  using  a 
fluorescent  synthetic  peptide  substrate  MOCAc-Pro-Leu-Gly-LeuA2pr(Dnp)Ala-Arg-NH2,  as  we 
have  described  (12).  As  control,  pro-MMP-9  was  incubated  with  stromelysin-1  in  solution  at  a 
1:10  molar  ratio  (pro-MMP-9:  stromelysin-1). 

Results:  These  initial  studies  failed  to  provide  any  meaningful  information  becaiuse  of  the  lack 
of  detection  of  activity  in  the  media  fraction.  We  believe  that  the  amount  of  pro-MMP-9 
associated  with  the  cells  and  that  is  eventually  activated  by  stromelysin-1  is  below  the  detection 


Fig.  1.  Activation  of  pro-MMP-9  by  stromelysin-l  in 
MCFIOA  ceUs. 


92  82S  LS  LSLS  LS  L  SL 
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MCFIOA  cells  were  incubated  with  proMMP-9  (13  nM)  and 
stromelysin  1  (2  nM).  After  various  times,  the  supernatant  (S)  fraction 
and  the  cell  layer  (L)  were  collected  and  analyzed  by  gelatin 
zymography.  92  represents  the  recombinant  pro-MMP-9  and  82  is 
active  MMP-9  run  as  controls.  The  arrows  show  the  latent  (92  kDa), 
intermediate  (85  kDa)  and  active  (82  kDa)  enzyme  forms. 


limit  of  the  assay.  To  solve  the 
detection  problem,  in  another  series  of 
experiments,  we  decided  no  to  rinse 
the  cells  after  addition  of  the 
exogenous  pro-MMP-9  and  to  collect 
the  supernatant  and  the  cell  lysate  for 
analysis  by  gelatin  zymography.  As 
shown  in  Fig.  1,  a  time-dependent 
processing  of  pro-MMP-9  into  an  85- 


kDa  intermediate  form  followed  by  the  formation  of  the  82-kDa  active  species  was  observed. 
The  85-  and  82-kDa  forms  could  be  detected  in  the  cell  lysate  even  after  a  3-min  incubation 


whereas  none  was  detected  in  the  media  suggesting  that  the  activation  reaction  proceeded  faster 
on  the  cell  surface.  Moreover,  a  significant  fraction  of  the  enzyme  remained  bound  to  the  cells 
after  a  2-h  incubation.  We  proceeded  to  follow  stromelysin-1  activation  of  proMMP-9  by 
monitoring  the  generation  of  MMP-9  enzymatic  activity  with  a  synthetic  fluorogenic  peptide 
substrate  as  previously  described.  Two  preliminary  experiments  showed  a  1.5-fold  enhancement 

in  the  initial  rate  of  MMP-9  generation  in  the  presence  of  cells  compared  to  zymogen  activated  in 
solution  (Fig.  2). 
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Although  these  studies  look 
promising,  the  interpretation  of  the 
data  is  not  straightforward  since  it 
is  difficult  to  determine  whether 
the  activation  process  occurred  on 
the  cell  surface  or  in  solution.  We 
have  noticed  that  upon  zymogen 
binding  to  the  cells,  pro-MMP-9  is 
released  from  the  cell  surface  and 
after  10-15  min;  a  significant 
amo\int  of  enzyme  could  be 
detected  in  the  supernatant.  This 
indicates  that  the  enzyme  rapidly 
dissociates  from  the  cells.  Given 
this  observation,  studies  on  surface  activation  will  have  to  determine  with  certainty  that 
activation  indeed  occurs  at  the  cell  surface  and  not  in  the  extracellular  space.  So  far,  the  present 
results  suggest  that  there  is  a  cell  effect  on  activation  but  its  nature  remains  undefined. 

Identification  of  pro-MMP-9  Interacting  Proteins.  Since  pro-MMP-9  binds  to  the  surface  of 
breast  cancer  cells,  we  set  up  to  identify  novel  proteins  that  may  interact  with  pro-MMP-9.  In 
our  original  application  we  proposed  to  utilize  a  biochemical  approach  using  immobilized  MMP- 
9  and  cell  extracts.  Instead,  we  decided  to  try  a  genetic  approach  using  phage  display.  We 
thought  that  this  system  would  allow  us  to  identify  interacting  proteins  and  obtain  their  gene 
sequence  directly.  To  this  end,  we  initiated  studies  on  affinity  screening  of  a  T7  Phage  displayed 
breast  tumor  cDNA  library.  The  tumor  used  for  making  this  random  primed  Human  cDNA 
library  (Novagen,  WI)  was  from  a  46-year  old  woman  suffering  from  moderately  differentiated 
invasive  ductal  carcinoma.  The  number  of  primary  clones  in  the  library  was  1.6  x  10^.  The 
recombinant  human  pro-MMP-9  used  for  biopanning  was  the  92-kDa  latent  form  produced  in  the 
lab  using  our  vaccinia  expression  system  in  mammalian  cells  (13).  Recombinant  pro-MMP-9 
was  purified  to  homogeneity  as  described  (12).  Trace  amounts  of  TIMP-1  in  the  recombinant 


Fig.  2.  Effect  of  MCFIOA  cells  on  the  rate  of  activation  of  pro- 
MMP-9  by  stromelysin-l 


Various  concentrations  (24  and  97  nM)  of  pro-MMP-9  were  incubated  in 
the  presence  or  absence  of  MCFIOA  cells  with  10  nM  active  stromelysin-l. 
At  various  times,  the  activity  of  MMP-9  was  detected  using  a  fluorigenic 
peptide  substrate. 
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pro-MMP-9  preparation  were  removed  by  Heparin-agarose  affinity.  During  this  year  (99-00), 
we  set  up  the  conditions  for  the  screening  assay  as  follows: 

1.  Each  well  of  ELISA  plate  was  coated  with  Ipg  pro  MMP-9.  Control  wells  were  coated 
with  BSA  alone. 

2.  The  non-specific  binding  sites  were  blocked  with  5%  protease  free  BSA 

3.  3.4  X  10^  pfu  of  the  amplified  phage  display  library  was  added  in  each  well  for  affinity 
interaction  between  phage  expressed  proteins  and  pro-MMP9.  The  plates  were  incubated 
for  Ih  at  37°C  to  pick  up  high  affinity  clones. 

4.  The  non-binders  were  washed  away  with  Tris  buffered  saline  containing  0.1%  Triton  X- 
100.  The  stringency  of  washing  increased  with  each  round  of  screening. 

5.  The  bound  phage  was  eluted  with  0.1%SDS.  Eluted  phage  was  amplified  on  BLT5615 
bacterial  cells  before  each  round  of  screening. 

At  this  time,  we  have  screened  the  library  and  identified  several  clones,  which  will  be  sequenced. 
We  will  report  the  results  of  these  screening  in  the  next  annual  report  (2000-2001)  when  we 
obtain  all  the  information.  If  this  procedure  does  not  produce  reliable  data,  we  are  also 
considering  the  use  of  the  yeast-two  hybrid  system. 

KEY  RESEARCH  ACCOMPLISHMENTS 

•  Characterized  the  role  of  TIMP-2  in  pro-MMP-2  activation  by  MTl -MMP 

•  Completed  the  characterization  of  the  dimeric  and  monomeric  forms  of  pro-MMP-9 

•  Investigated  the  role  of  surface  binding  of  pro-MMP-9  in  activation  of  zymogen 

•  Initiated  search  of  MMP-9  binding  proteins  using  a  phage  display  system 
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acting  as  a  molecular  link  between  active  MTl-MMP  and  pro-MMP-2.  However,  the  role  of 
TIMP-2  in  the  activation  process  and  its  effect  on  MMP-2  activity  are  still  poorly  understood. 
To  investigate  this  process,  we  developed  a  mammalian  cell-based  system  to  express  MTl-MMP 
in  the  absence  and  presence  of  TIMP-2  using  recombinant  vaccinia  viruses.  We  measured  the 
net  activity,  cellular  distribution  and  complex  formation  with  TIMP-2  of  active  MMP-2  as  a 
function  of  TIMP-2  expression.  MMP-2  activity  in  the  supernatant  was  dependent  on  the 
amount  of  TIMP-2  expressed  with  inhibition  of  activity  at  high  inhibitor  concentrations. 
Interestingly,  cleavage  of  the  prodomain  of  pro-MMP-2  was  observed  even  at  the  highest 
inhibitor  level.  Titration  of  free  TIMP-2  with  MMP-2  indicated  that  the  inhibitor  in  the  media 
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was  in  complex  with  MMP-2.  Analogous  results  were  obtained  with  plasma  membranes  (PMs) 
of  cells  co-infected  to  express  MTl-MMP  and  TIMP-2.  Moreover,  the  PMs  inhibited  exogenous 
MMP-2  in  a  TIMP-2-dependent  manner  suggesting  that  MMP-2  can  displace  membrane-bound 
TrMP-2.  These  results  suggest  that  MMP-2  formation  results  from  the  interaction  of  the  active 
MTl-MMP  (57  kDa)  with  pro-MMP-2  as  well  as  with  the  ternary  complex  depending  on  the 
relative  amounts  of  TIMP-2  and  MTl-MMP  in  the  cells.  A  C-terminal  truncated  TIMP-2, 
unable  to  bind  pro-MMP-2,  and  marimastat,  a  synthetic  MMP  inhibitor,  induced  accumulation  of 
active  MTl-MMP  and  consequently  resulted  in  pro-MMP-2  activation  by  MTl-MMP 
demonstrating  that  ternary  complex  formation  is  not  an  absolute  requirement  for  pro-MMP-2 
activation  by  MTl-MMP. 

CONCLUSIONS 

1.  We  have  shown  that  the  surface  association  of  pro-MMP-2  is  dependent  on  the  presence  of 
MTl-MMP  and  TIMP-2.  In  the  absence  of  TIMP-2  we  could  not  detect  cell  association  and 
activation  of  pro-MMP-2  suggesting  that  the  presence  of  TIMP-2  is  necessary  for  the  surface 
binding  of  pro-MMP-2  likely  to  a  TIMP-2/MT1-MMP  complex.  We  demonstrated  that  TIMP-2 
can  enhance  the  activation  of  pro-MMP-2  by  MTl-MMp  in  a  cellular  system  and  that  this  effect 
is  due  to  ternary  complex  formation.  In  addition,  the  positive  effect  of  TIMP-2  on  activation  is 
due  to  stabilization  of  MTl-MMP  on  the  cell  surface.  We  characterized  the  forms  of  MTl-MMP 
on  the  cell  surface  and  the  processing  of  the  enzyme  in  the  presence  and  absence  of  inhibitor. 

2.  We  completed  the  characterization  of  the  two  major  forms  of  pro-MMP-9,  the  monomeric 
and  dimeric  species,  which  were  also  identified  in  an  extract  of  a  breast  tumor.  These  studies 
demonstrated  that  both  forms  bind  TIMP-1  and  possess  similar  enzymatic  activity.  However,  the 
dimeric  form  is  activated  at  a  slower  rate  by  stromelysin-1.  We  carried  out  computer  modeling 
of  the  prodomain  of  pro-MMP-9  and  show  that  the  second  cleavage  site  for  stromelysin-1 
activation  is  buried  and  proposed  that  the  dimeric  form  must  undergoes  a  change  in  conformation 
to  expose  this  site. 
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3.  Preliminary  studies  on  surface  activation  of  pro-MMP-9  have  been  carried  out  using 
MCFIOA  cells  known  to  bind  the  enzymes.  These  studies  are  undergoing  but  initial  experiments 
have  provided  conflicting  data  due  to  problems  in  sensitivity  after  removing  the  unbound 
enzyme.  In  another  series  studies,  in  which  pro-MMP-9  was  added  to  the  cells  but  not  removed, 
we  observed  a  1.5-fold  increase  in  pro-MMP-9  activation  by  stromelysin-l  in  the  presence  of 
cells.  These  studies  are  unclear  since  we  cannot  determine  whether  this  increase  in  rate  of 
activation  is  due  to  surface  binding  of  the  zymogen. 

4.  We  have  carried  out  phage  display  studies  to  search  for  pro-MMP-9  binding  proteins. 
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Matrix  nietalloproteinase-9  (MMP-9)  is  a  member  of 
the  MMP  family  that  has  been  associated  with  degrada* 
tion  of  the  extraceUular  matrix  in  normal  and  patholog¬ 
ical  conditions.  A  unique  characteristic  of  MMP-9  is  its 
ability  to  exist  in  a  monomeric  and  a  disulfide-bonded 
dimeric  form.  However,  there  exists  a  paucity  of  infor¬ 
mation  on  the  properties  of  the  latent  (pro-MMP-9)  and 
active  MMP-9  dimer.  Here  we  report  the  puriHcation  to 
homogeneity  of  the  monomer  and  dimer  forms  of  pro- 
MMP-9  and  the  characterization  of  their  biochemical 
properties  and  interactions  with  tissue  inhibitor  of  met¬ 
alloproteinase  (TIMP)-l  and  TIMP-2.  Gel  filtration  and 
surface  plasmon  resonance  analyses  demonstrated  that 
the  pro-MMP-9  monomeric  and  dimeric  forms  bind 
TtMP-l  with  similar  affinities.  In  contrast,  TIMP-2  binds 
only  to  the  active  forms.  After  activation,  the  two  en- 
zynnae  forms  exhibited  equal  catalytic  competence  in  the 
turnover  of  a  63nathetic  peptide  substrate  with  compara¬ 
ble  kinetic  parameters  for  the  onset  of  inhibition,  with 
TIMPs  and  for  dissociation  of  the  inhibited  complexes. 
Kinetic  analyses  of  the  activation  of  monomeric  and 
dimeric  pro-MMP-9  by  stromelysin  1  revealed  values 
in  the  nanomolar  range  and  relative  low  values 
(1-9  X  10  ^  and  4,1  x  10”'*  s”^,  for  the  monomer  and 
dimer,  respectively)  consistent  with  a  faster  rate  (1  or¬ 
der  of  magnitude)  of  activation  of  the  monomeric  form 
by  stromelysin  1.  This  suggests  that  the  rate-limiting 
event  in  the  activation  of  pro-MMP-9  may  be  a  requisite 
slow  unfolding  of  pro-MMP-9  near  the  site  of  the  hydro¬ 
lytic  cleavage  by  stromelysin  1. 


Matrix  metalloproteinase-9  (MMP-9), ^  also  known  as  gela- 
tinase  B,  is  a  member  of  the  MMP  family  of  zinc-dependent 
endopeptidases  known  for  their  ability  to  degrade  many  extra- 
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cellular  matrix  (ECM)  components  (1,  2).  MMP-9  is  secreted  in 
a  latent  form  (pro-MMP-9)  by  a  variety  of  normal  and  trans¬ 
formed  cells  and  has  been  implicated  in  the  pathogenesis  of 
several  human  diseases  including  arthritis  (3),  cardiovascular 
disease  (4,  5),  and  cancer  metastasis  (6,  7).  MMP-9  has  also 
been  suggested  to  play  a  role  in  the  degradation  of  ECM  during 
inflammation  (8),  wound  healing  (9, 10),  trophoblast  implanta¬ 
tion  (11),  and  angiogenesis  (12).  Structurally,  pro-MMP-9  is 
closely  related  to  pro-MMP-2  (gelatinase  A)  with  both  enzymes 
containing  a  fibronectin-like  type  11  modiile  (gelatin-binding 
domain)  inserted  into  the  catalytic  domain  that  is  thought  to 
facilitate  interaction  of  the  enzymes  with  collagen  molecules 
(13,  14).  The  23rmogenic  forms  of  both  enzymes  interact,  via 
their  C-tenninal  domain  (hemopexin-like  domain),  with  tissue 
inhibitors  of  metalloproteinases  (TIMPs),  a  family  of  specific 
endogenous  MMP  inhibitors  (15,  16).  Pro-MMP-9  binds  to 
TIMP-1  (1),  whereas  pro-MMP-2  binds  to  TIMP-2  (17)  and  to 
TIMP-4  (18).  After  activation,  any  TEMP  molecule  efficiently 
inhibits  the  enzymatic  activity  by  binding  to  the  catal3rtic  do¬ 
main  of  the  MMP  (16). 

Despite  the  similarities  that  exist  between  pro-MMP-9  and 
pro-MMP-2,  the  former  is  unique  in  several  aspects  including 
its  gene  regulation,  structure,  and  function  (2, 14).  Pro-MMP-9 
is  glycosylated  and  contains  an  additional  54-amino  acid  pro¬ 
line-rich  insertion  of  unknown  function  between  the  catalytic 
and  the  hemopexin-like  domains  (1).  In  addition,  pro-MMP-9, 
in  contrast  to  pro-MMP-2,  exists  in  two  major  forms:  a  mono¬ 
meric  (—92  kDa)  and  a  disullide-bonded  homodimeric  (—220 
kDa)  form  (1).  Both  the  monomeric  and  dimeric  forms  of  pro- 
MMP-9  forms  have  been  identified  in  a  variety  of  pro-MMP-9- 
producing  cells  including  normal  (19-21)  and  tumor  cells  (1, 
22)  and  in  various  biological  fluids  (23,  24)  and  tissues  (25,  26), 
indicating  that  they  are  physiological  forms  of  the  enzyme.  In 
addition,  a  125-130-kDa  form  of  pro-MMP-9  present  in  neutro¬ 
phil  granules  has  been  reported  to  be  a  complex  of  the  enzyme 
with  lipocalin  (NGAL)  (19,  20). 

Studies  examining  the  activation,  catalytic  activity,  and  in¬ 
teractions  vrith  TIMPs  of  pro-MMP-9  and  MMP-9  have  focused 
mainly  on  the  monomeric  fonn  of  the  enzyme.  Thus,  little  is 
known  about  the  biochemical  properties  of  the  homodimeric 
form.  A  previous  study  examined  the  structural  requirements 
for  the  formation  of  the  pro-MMP-9  homodimer  and  its  inter¬ 
action  with  TIMP-1  (27).  However,  the  kinetics  of  activation, 
the  catalytic  efficiencies,  and  the  inhibition  by  TIMPs  of  the 
monomeric  and  dimeric  forms  remained  imknown.  Here,  we 
report  the  first  comprehensive  study  aimed  at  characterizing 
the  biochemical  properties  of  both  the  latent  and  active  pure 
monomeric  and  dimeric  forms. 
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EXPERIMENTAL  PROCEDURES 

Buffers — Buffer  C  (50  mM  HEPES  (pH  7.5),  150  raw  NaCl,  5  mM 
CaClj,  and  0.02%  Brij-35);  buffer  B  (10  mM  sodium  acetate  (pH  4.5)); 
buffer  W  (7.8  mM  NaHgPO^,  8  mM  Na2HP04  (pH  7.2),  137  mM  NaCl,  0.1 
mM  CaClg,  3  mM  KCl,  1.5  mM  KH2PO4,  and  0.02%  Tween  20);  buffer  R 
(50  mM  HEPES  (pH  7.5),  150  mM  NaCl,  5  mM  CaClj,  0.01%  Brij-35,  and 
1%  (vA^)  MejSO);  buffer  D  (50  mM  Tris  (pH  7.4),  150  raM  NaCl,  5  mM 
CaCIa.  and  0.02%  Brij-35)  and  lysis  buffer  (25  mM  Tris-HCl  (pH  7.5),  1% 
Nonidet  P-40, 100  mM  NaCl,  5  mM  EDTA,  20  mM  N-ethylmaleimide,  10 
/i.g/nil  aprotinin,  1  p^^ml  pepstatin  A,  1  pg/ml  leupeptin,  2  mM  benza- 
midine,  and  1  mM  phenyl methylsulfonyl  fluoride). 

Expression  and  Purification  ofPro-MMP-S  and  TlMPs — Human  re¬ 
combinant  pro-MMP-9,  TIMP-1,  and  TIMP-2  were  produced  in  mam¬ 
malian  cells  using  a  recombinant  vaccinia  virus  mammalian  cell  ex¬ 
pression  system,  as  described  previously  (28).  Pro-MMP-9  was  purified 
to  homogeneity  from  the  media  of  infected  HeLa  cells  by  gelatin-agarose 
chromatography,  as  described  previously  (29).  The  concentration  of 
pro-MMP-9  was  determined  using  the  molar  extinction  coefficient  of 
114,360  cm  (14).  Recombinant  TIMP-1  and  TIMP-2  were  purified 
as  described  previously  (30).  Protein  concentrations  of  TIMP-1  and 
TIMP-2  were  determined  using  their  molar  extinction  coefficients  of 
26,500  and  39,600  M“'  cm“',  respectively  (16). 

Purification  of  the  Monomeric  and  Dimeric  Forms  of  Pro-MMP-S — A 
sample  (7600  pmol)  of  purified  pro-MMP-9  diluted  in  buffer  C  was 
layered  onto  four  polyallomer  tubes  containing  a  preformed  20-35% 
glycerol  gradient  prepared  in  buffer  C.  The  tubes  were  then  centrifuged 
(63  b,  4  *C)  in  a  SW41  rotor  at  37,000  rpm,  after  which  nine  fractions 
(—200  pi  each)  were  collected  and  assayed  for  the  presence  of  mono¬ 
meric  or  dimeric  forms  by  gelatin-zymography.  Fractions  containing 
homogeneous  monomeric  (pro-MMP-S^)  or  dimeric  (pro-MMP-9i>) 
forms  were  pooled,  and  their  protein  concentrations  were  determined 
from  the  molar  extinction  coefficients:  for  pro-MMP-9j|,  103,645  M"' 
cm"*;  and  for  pro-MMP-9p,  198,609  cra“*  (31). 

Radioiodination  of  TlMPs — TIMP-1  and  TIMP-2  were  iodinated  with 
carrier  free  Na**®I  (100  mCi/ral,  Amersham  Pharmacia  Biotech)  using 
lODOGEN  (Pierce)  as  described  previously  (30).  The  specific  activities 
of  ^I-TlMP-1  and  '“I-TIMP-2  were  calculated  to  be  0.035  and  0.045 
/i.Ci/pmoI,  respectively. 

Size  exclusion  Chromatography — Ten  pmol  of  purified  pro-MMP-O^ 
or  pro-MMP-9i5  were  each  incubated  (1  h,  22  ^C)  with  either 
TIMP-1  or  ""I-TIMP-2  (20  pmol  with  pro-MMP-Sw  and  30  pmol  with 
pro-MMP-9i>)  in  a  final  volume  of  0.25  ml.  The  mixtures  were  then 
subjected  to  gel  filtration  using  a  Superose-12  column  pre-equilibrated 
with  buffer  C.  As  control,  “®1-T1MP-1  or  **^I-TIMP-2  (30  pmol)  were 
chromatographed  alone  under  the  same  conditions.  Fractions  (350  pi) 
were  collected  and  analyzed  for  radioactivity  in  a  y  counter  (Packard 
model  5650).  The  amount  (picomoles)  of  TIMP-1  or  ^®'^I-TTMP-2 
bound  to  the  pro-MMP-9  forms  was  determined  from  the  specific 
activity. 

SDS-PAGE  and  Gelatin  Zymography — SDS-PAGE  was  performed 
according  to  Laemmli  (32).  Proteins  were  visualized  by  staining  over¬ 
night  with  a  0.25%  solution  of  Coomassie  Brilliant  Blue  R-250  in  45% 
methanol  and  10%  acetic  add,  and  destained  in  a  solution  of  20% 
methanol  and  10%  acetic  add.  Gelatin  zymography  was  performed  as 
described  (33). 

Preparation  of  Breast  Tumor  Extract — A  fresh  tissue  biopsy  (~-50 
mg)  (kindly  provided  by  Dr.  D.  Visscher,  Department  of  Pathology, 
Harper  Hospital,  Detroit,  MI)  of  a  breast  cardnoma  was  minced  into 
small  pieces  and  resuspended  in  500  pi  of  cold  I3r3i8  buffer.  The  pieces 
were  homogenized  on  ice  with  a  pestle  (Kontes,  Vineland,  NJ)  in  a 
microcentrifuge  tube,  followed  by  a  centrifugation  (14,000  rpm)  of  the 
homogenate  for  10  min  at  4  "C.  The  supernatant  was  collected,  and  the 
protein  concentration  was  determined  by  the  BCA  protein  assay 
(Pierce).  The  protein  concentration  was  adjusted  to  1  pg/pl  of  1 X  sam¬ 
ple  buffer,  and  the  sample  was  then  subjected  to  gelatin  zymography  as 
described  above  and  to  immunoblot  analysis,  as  described  (21),  using  an 
anti-MMP-9  rabbit  polyclonal  antibody  (pAb  109)  raised  against  a  S3m- 
thetic  peptide  (APRQRQSTLVLTPGDLRT)  from  the  prodomain  of  hu¬ 
man  pro-MMP-9  (a  generous  gift  from  Dr.  Stetler-Stevenson,  NCI, 
National  Institutes  of  Health,  Bethesda,  MD). 

Pulse-Chase  Analysis  of  Pro-MMP-9  Biosynthesis — Monkey  kidney 
BS-C-1  cells  (80%  confluent)  in  60-nmi  dishes  were  co-infected  with  3 
plaque-forming  units/cell  of  vTF7-3  vaccinia  virus  encoding  for  T7  RNA 
polymerase  and  with  3  plaque-forming  units/cell  of  a  recombinant  vac¬ 
cinia  virus  containing  the  full-length  cDNA  of  human  pro-MMP-9  (vT7- 
GELB)  as  described  (28).  Four  hours  after  infection,  the  medium  was 
aspirated  and  the  cell  monolayer  was  gently  washed  with  warm  PBS. 


The  cells  were  incubated  (30  min)  with  1.5  ml/dish  starving  medium 
(Dolbecco’s  modified  Eaglets  medium  without  methionine  supple¬ 
mented  with  25  mM  Hepes  and  0.5%  fetal  bovine  serum).  The  cells  were 
then  pulsed  with  500  /iCi/ml  methionine  in  starvation  medium  (1.5 
ml/dish)  for  15  min  at  37  *C.  After  the  pulse,  the  dishes  were  placed  on 
ice,  the  medium  was  aspirated  and  the  cells  were  washed  twice  with 
PBS  before  the  addition  of  1  ml/dish  chase  medium  (Dulbecco’s  modified 
Eaglets  medium  with  10%  fetal  bovine  serum  and  4.8  mM  methionine). 
At  the  end  of  the  chase  periods  (0-240  min  at  37  “O,  the  medium  was 
collected;  the  cells  were  washed  with  cold  PBS  and  lysed  with  1  ml/dish 
lysis  buffer.  The  lysates  were  clarified  by  a  brief  centrifugation  and 
were  pre-absorbed  on  protein  G-Sepharose  beads.  The  lysates  and  the 
media  were  subjected  to  immunoprecipitation  with  either  a  mAh  to 
pro-MMP-9  (CA-209)  or  mouse  IgG  and  protein  G-Sepharose  beads,  as 
described  (21).  The  immunoprecipitates  were  mixed  with  Laemmli  sam¬ 
ple  buffer,  with  or  without  ^-mercaptoethanol,  and  resolved  by  8-16% 
SDS-PAGE  followed  by  autoradiography. 

Fluorometric  Activity  Assay  for  MMP-9^  and  MMP-9j^ — ^To  obtain 
the  active  monomer  and  dimer,  purified  pro-MMP-9jj4  (100  pmol)  or 
pro-MMP-9u  (60  pmol)  in  buffer  C  were  incubated  (2  h  at  37  ^C)  with  25 
pmol  of  heat-activated  recombinant  human  stromelysin  1  (MMP-3,  a 
generous  gift  from  Dr.  Paul  Cannon,  Center  for  Bone  and  Joint  Re¬ 
search,  Palo  Alto,  CA).  The  activated  monomer  (MMP-Om)  and  dimer 
(MMP-9d)  were  then  subjected  to  gelatin-agarose  chromatography  to 
remove  stromelysin  1,  as  described  (30).  Fractions  containing  MMP-9m 
or  MMP-9i,  were  detected  by  gelatin  zymography  and  pooled.  Enzyme 
concentrations  were  determined  by  titration  with  TIMP-1  and  from 
their  native  molar  extinction  coefficients  of  99,817  and  191,349  M"^ 
cm~',  respectively,  as  determined  by  the  method  of  Gill  and  von  Hippel 
(31).  The  activities  of  the  purified  MMP-9j„  and  MMP-9d  were  assayed 
using  the  fluorescence  quenched  substrate  MOCAcPLGLAaptfDnp)- 
AR-NH,  (Peptide  Institute,  Inc.  Japan),  as  described  (30,  34).  Each 
assay  was  carried  out  at  25  “C  in  2  ml  (final  volume)  of  buffer  R 
containing  enzyme  and  and/or  inhibitor  at  the  indicated  concentrations. 
The  substrate  concentration  was  varied  from  0.05  to  8.0  pM.  The  en¬ 
zyme  concentrations  were  0.2  and  0.1  nM  for  MMP-Oj^  and  MMP-Oi^, 
respectively.  Substrate  hydrolysis  was  monitored  using  a  Photon  Tech¬ 
nology  International  (PTI)  fluorescence  spectrophotometer  with  excita¬ 
tion  and  emission  wavelengths  set  at  328  and  393  nm,  respectively, 
controlled  by  a  Pentium"^  computer  using  the  RatioMaster^  hardware 
and  FelDC^  software  provided  by  PIT.  The  excitation  and  emission 
band  passes  were  1  and  3  nm,  respectively.  Fluorescent  measurements 
were  taken  with  a  4-s  integration  time.  Three  initial  rate  determina¬ 
tions  were  made  for  each  substrate  concentration.  The  and 
values  were  determined  by  non-linear  regression  analyses  using  Graph- 
Pad  Prism™  and  examined  by  double-reciprocal  analysis  by  linear 
regression  using  LINEST  (Microsoft  Excel™  version  5.0). 

Degradation  of  Gelatin  by  MMP-9yf  and  MMP-9ji — Increasing  con¬ 
centrations  (0.07—0.3  dm)  of  active  site-titrated  (with  TIMP-l)  MMP-9j,j 
and  MMP-9i>  were  incubated  with  1  pM  fluorescein-labeled  DQ™  gela¬ 
tin  (Molecular  Probes,  Eugene,  OR)  in  buffer  D,  in  a  total  volume  of  2 
ml.  Substrate  hydrolysis  was  monitored  over  a  1-h  period  at  25  *0  using 
a  PTI  spectrofluorometer  at  excitation  and  emission  wavelengths  of  495 
and  515  nm,  respectively.  Excitation  and  emission  band  passes  were  1 
and  3  nm,  respectively.  Background  fluorescence  due  to  DQ™  gelatin 
was  measured  with  substrate  in  the  absence  of  enzymes  and  was 
subtracted  from  each  trace.  A  fluorescein  (Molecular  Probes)  standard 
curve  was  used  to  correlate  the  fluorescence  increase  with  the  amount 
of  released  fluorescein. 

Kinetic  Analysis  of  the  Activation  of  Pro-MMP-9 and  Pro-MMP-9 jy 
by  Stromelysin  1 — Human  recombinant  pro-8tromel)rBin  1  was  heat 
activated  at  55  *0  for  1  h.  The  amount  of  catalytically  competent 
stromelysin  1  was  determined  by  active-site  titration  with  human  re¬ 
combinant  TlMP-1.  Stromel)^m  1  activity  was  measured  with  5  pM 
fluorogenic  peptide  substrate  MOCAcRPKPVE-Nva-WRK(Dnp)-NH2 
(35)  (Peptides  International,  Louisville,  KY)  in  buffer  R,  at  excitation 
and  emission  wavelengths  of  325  and  393  nm,  respectively.  Activation 
of  pro-MMP-9j4  or  pro-MMP-9|3  was  monitored  in  reaction  mixtures 
containing  2-120  nM  of  either  substrate  and  0.5  nM  strome]3rsin  1  in  70 
pi  of  buffer  D  at  37  *0.  At  varying  times,  aliquots  (20  pi)  of  the  reaction 
mixture  were  added  to  acrylic  cuvettes  containing  2  ml  of  7  pM 
M0CAcPLGLA2pr(I>np)-AR-NHa  in  buffer  R  at  25  “C.  Less  than  10%  of 
hydrol3reis  of  the  fluorogenic  substrate  was  monitored,  as  described  by 
Knight  (36).  Hydrolysis  of  this  peptide  by  stromelysin  1  at  the  concen¬ 
trations  used  (0.5-9  nM)  was  insignificant  when  compared  with  the 
hydrolysis  by  MMP-9.  The  MMP-9  (monomer  or  dimer)  concentrations 
were  calculated  using  the  Michaelis-Menten  equation  and  the  and 
values  for  the  reaction  of  the  enzyme  (monomer  and  dimer)  with  the 
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fluorogenic  substrate,  as  described  above.  Initial  velocities  of  pro- 
MMP-9m  or  pro-MMP-9t)  activation  were  determined  from  the  linear 
increase  in  MMP-9  concentration  as  a  function  of  time.  The  kinetic 
parameters  and  were  obtained  by  non-linear  least  squares 
fitting  of  the  initial  rate  dependence  on  the  total  pro-MMP-9  concen¬ 
tration  to  the  Michaelis-Menten  equation  using  SCIENTIST  (Micro- 
Math  Scientific  Software,  Salt  Lake  City,  UT),  The  values  for  1^2  were 
calculated  from  the  following  general  relationship  for  first-order  reac¬ 
tions:  X  -  0*693. 

Determination  of  Kinetic  and  Equilibrium  Constants  by  SPR — Inter¬ 
actions  of  latent  and  active  monomer  and  dimer  pro-MMP-9/MMP-9 
with  TIMP-1  and  TlMP-2  were  studied  using  a  Fison  lasys*  instru¬ 
ment.  TlMP-1  (69  praol)  and  TIMP-2  (42  pmol)  were  immobilized  onto 
activated  CMS  sensor  cells  (Fison),  as  described  (30).  Under  these 
conditions,  320-380  arc  s  of  TlMP-2  and  310-360  arc  s  of  TlMP-l  were 
covalently  coupled.  Binding  reactions  were  carried  out  essentially  as 
described  previously  (30).  The  equilibrium  constants  (Aj)  were  calcu¬ 
lated  from  the  rate  constants  for  association  (A^)  and  dissociation  (A^) 
from  the  equation  For  biphasic  binding  Kj  =  A^jg/^au) 

Ad(i/Ao(2)  for  Ihe  low  and  high  affinity  binding  sites,  respectively.  The 
binding  constants  for  each  analyte  protein  were  determined  in  dupli¬ 
cate  using  at  least  six  different  concentrations  of  analyte  (2-400  nM),  in 
a  final  volume  of  200  pi,  where  the  response  increased  as  a  function  of 
analyte  concentration.  For  TIMP-1  and  TIMP-2,  pto-MMP-Bm  and  ac¬ 
tive  MMP-9i,4  were  titrated  from  10  to  125  nw  and  proMMP-Oo  and 
active  MMP-9  □  were  titrated  firom  5  to  75  nM.  Furthermore,  each 
analyte  protein  (100  dm)  was  subjected  to  analysis  using  a  derivatized 
sensor  cell  to  determine  the  amotint  of  nonspecific  binding  to  the  car- 
boxymethyl  dextran  matrix.  No  binding  of  the  analyte  protein  to  the 
underivatized  matrix  was  observed.  The  binding  curves  were  analyzed 
using  the  nonlinear  data-fitting  program  lasys  Fastfit™,  using  both 
raonophasic  and  biphasic  models  to  obtain  the  rate  constants.  Analysis 
of  the  data  fit  the  biphasic  model,  as  we  have  previously  described  in 
detail  (30). 

Enzyme  Inhibition  Studies — To  determine  the  inhibition  constant 
{Kf)  of  TIMP-1  £uid  TIMP-2  for  the  active  monomer  and  dimer,  the  rate 
constants  (A^  and  k^)  were  determined  under  the  following  conditions, 
and  from  these  the  A,  was  calculated  {ue,  k^k^).  The  fluorc^enic 
peptide  substrate  concentration  for  each  assay  was  7  pM,  a  concentra¬ 
tion  —5-fold  greater  than  the  experimentally  determined  A^  for  the 
reaction  of  the  substrate  with  MMP-O^,  and  MMP-9i,.  TIMP-1  (0-30 
nM)  or  TIMP-2  (0-60  nM)  were  added  to  the  fluorogenic  substrate 
solution,  and  the  assay  W£is  initiated  by  addition  of  enzyme  to  give  a 
final  concentration  of  1  nM  for  MMP-  and  0.5  nM  for  MMP-9^  The 
reaction  was  allowed  to  proceed  for  6  min,  and  the  rate  of  substrate 
cleavage  was  measured  in  triplic^ate  for  each  inhibitor  (x>ncentration 
examined.  The  first-order  rate  constant.  A,  was  determined  from  the 
intersection  point  of  the  tangent  to  the  curve  at  7  =  x  to  the  curve  at  7  = 
0  where  A  =  l/f,  as  described  (37),  where  the  data  points  gave  equal 
increments  of  product  formation  as  a  function  of  time  in  the  absence  of 
inhibitor.  The  first-order  rate  constant,  A,  for  each  TIMP  concentration 
was  plotted  as  a  function  of  TIMP  concentration.  The  slope  and  error  of 
the  slope  of  this  line  gives  the  on-rate,  as  determined  by  linear 
regression  using  LINEST  (Microsoft  Excel™  version  5.0).  The  dissoci¬ 
ation  rate  constants  (A^)  were  determined  in  triplicate  as  follows. 
MMP-9j4  or  MMP-9|3  (300  dm)  and  inhibitors  (330  nM)  were  incubated 
for  1  h  at  25  **0.  These  reaction  mixtures  were  added  to  a  cuvette 
containing  2  ml  of  a  12  pM  peptide  substrate  solution.  The  final  enzyme 
concentration  was  0.5  nM.  The  recovery  of  enzyme  activity  was  followed 
for  up  to  40  min,  and  the  data  were  analyzed  as  described  (38).  The 
error  of  the  slope  of  this  line  was  determined  by  linear  regression  using 
LINEST  (Microsoft  Excel™  version  5.0).  The  inhibition  constants  (A,) 
were  calculated  from  A,.  =  k^k^. 

Computer  Modeling — The  primary  sequence  of  pro-MMP-9  was  ob¬ 
tained  from  the  Swiss-Prot  data  bank  (code  COG9_HUMAN,  total  707 
amino  acids).  A  complete  model  of  pro-MMP-O  was  constructed  as 
described  below.  The  signal  peptide  was  removed  from  the  complete 
sequence,  and  the  remaining  sequence  was  divided  into  prodomain, 
catalytic,  gelatin -bin  ding,  and  hem  opexin -like  domains.  Homology 
models  were  constructed  using  the  COMPOSER  module  in  Sybyl  ver¬ 
sion  6.4;  the  modeling  of  the  three-dimensional  structure  of  the  cata¬ 
lytic  domain  of  MMP-9  has  been  published  previously  (13).  The  he- 
mopexin-like  domain  of  pro-MMP-9  was  modeled  using  the  structures 
of  the  hemopexin-like  domains  of  pro-MMP-2  (Protein  ^ta  Bank  codes 
Igen  and  Irtg),  fibroblast  collagenase  (code  Ifbl),  and  collagenase-3 
(code  Ipex),  following  similar  procedures  that  were  used  for  the  mod¬ 
eling  of  the  catalytic  domain  (13,  39-41),  The  gelatin-binding  domain 
was  modeled  using  the  NMR  structure  of  the  fibronectin  type-II  model 
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Fig.  1.  Expression  of  pro-MMP-S^,  from  pro-MMP-9j,.  Samples 
of  recombinant  pro-MMP-9  {lanes  2  and  6,  10  ng/lane),  serum-free 
conditioned  media  of  tumor  necrosis  factor-a-treated  MCFIOA  cells 
{lane  3,  20  pi)  and  of  a  homogenate  of  a  breast  carcinoma  biopsy  {lanes 
4  and  5,  30  pg/lane)  were  subjected  to  gelatin  zymography  {lanes  2-4) 
and  immunoblot  analysis  {lanes  4  and  5)  using  a  polyclonal  antibody 
(pAb  109)  to  pro-MMP-9  recognizing  the  latent  form.  Lane  1  shows  the 
molecular  weight  standards  under  non  reducing  conditions. 

(code  lfri2)  (42).  The  prodomain  of  prO'MMP-9  was  modeled  based  on 
the  x-ray  structure  of  homologous  prodomain  of  stromelysin-1  (code 
Islm)  (43).  In  modeling  the  prodomain,  residues  upstream  of  44  were 
considered  in  the  homology  model  building  because  no  homologous 
sequences  were  found  from  residues  21-43.  Individual  domains  of  hu¬ 
man  pro-MMP-9  were  thus  constructed  using  homology  modeling  and 
three-dimensional  structure  alignment,  and  the  two  contiguous  do¬ 
mains  were  organized  and  linked  appropriately  in  space.  The  collagen 
V-like  hinge  region  of  pro-MMP-9  was  not  modeled  due  to  the  lack  of 
any  homologous  protein  that  could  serve  as  a  three-dimensional  tem¬ 
plate.  The  complete  structure  of  pro-MMP-9  was  energy-minimized 
using  AMBER  5.0  software  package  on  a  Silicon  Graphics  Octane 
workstation  with  dual  processors,  for  20,000  cycles  (13).  However,  we 
have  disclosed  in  this  report  only  the  arrangements  of  the  contiguous 
regions  of  the  prodomain  and  catalytic  domains,  since  they  are  perti¬ 
nent  to  the  discussion.  The  graphical  analysis  of  the  resulting  structure 
was  performed  using  Sybyl  software  version  6.4. 

RESULTS 

Expression  of  Pro-MMP-S/^  and  Pro-MMP’9jy — ^As  shown  in 
the  zymogram  of  Fig.  1,  pro-MMP-9  in  monomeric  (--92  kDa) 
and  dimeric  (—210  kDa)  forms  can  be  found  in  preparations  of 
purified  recombinant  aazyme  (Fig.  1,  lane  2),  in  serum-firee 
conditioned  media  of  tumor  necrosis  factor-oc-treated  non-ma- 
lignant  MCFIOA  breast  epithelial  cells  (Fig.  1,  lane  3)  and  in  a 
tissue  homogenate  derived  from  a  human  breast  carcinoma 
biopsy  (Fig.  1,  lane  4).  The  tumor  sample  contains  several 
gelatinolytic  bands  migrating  at  —72,  85, 92, 130,  and  226  kDa. 
To  confirm  the  nature  of  the  MMP-9  forms  detected  in  the 
tumor  homogenate,  we  carried  out  an  immunoblot  analysis 
using  a  polyclonal  antibody  to  the  prodomain  of  pro-MMP-9. 
The  tumor  homogenate  contained  two  immunoreactive  forms  of 
—92  and  225  kDa  (Fig.  1,  lane  5)  consistent  with  these  forms 
being  the  monomeric  and  dimeric  forms  of  pro-MMP-9. 

Biosynthesis  of  Pro-MMP-9 and  Pro-MMP-9 — ^The  biosyn¬ 
thesis  of  pro-MMP-9i^  and  pro-MMP-Dj,  was  examined  by 
pulse-chase  analysis  in  BSC-l  cells  infected  with  a  recombi¬ 
nant  vaccinia  virus  expressing  human  pro-MMP-9.  After  the 
chase  period,  the  resulting  media  and  cell  lysates  were  immu- 
noprecipitated  with  a  mAb  against  pro-MMP-9  and  subjected  to 
SDS-PAGE  analysis  vmder  non-reducing  and  reducing  condi¬ 
tions  followed  by  autoradiography.  As  shown  in  Fig.  2,  the 
pro-MMP-9j,j  precursor  form  (—85  kDa)  was  rapidly  synthe¬ 
sized  and  gradually  converted  to  the  fully  glycosylated  mature 
form  (—92  kDa),  which  was  then  secreted  into  the  extracellular 
space  (Fig.  2,  extracellular).  Precursor  pro-MMP-9o  (—190 
kDa)  was  clearly  noticeable  in  the  lysates  as  early  as  5  min 
after  the  pulse,  consistent  vrith  the  dimer  being  composed  of 
two  precursor  monomers.  Thus,  under  these  conditions,  dimer¬ 
ization  occurs  intracellularly  and  appears  to  be  independent  of 
glycosylation.  After  30  min,  a  dimer  of  -210  kDa  was  detected 
in  the  lysates,  possibly  representing  dimerization  of  mature 
monomer  forms  or,  alternatively,  complete  glycosylation  of  the 
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Fig.  2,  Pulse-chase  analysis  of  pro-MMP-9  biosynthesis.  In¬ 
fected  BSC'l  cells  were  subjected  to  pulse-chase  analysis,  as  described 
under  “Experimental  Procedures."  At  the  end  of  the  (hase  periods 
(0-240  min),  the  cells  (intracellular)  and  the  media  (extracellular)  were 
subjected  to  immunopredpitation  with  an  anti-MMP-9  mAh  (CA-209), 
The  immimoprecipitates  were  subjected  to  8-16%  SDS-PAGE  analysis 
under  non-reducing  {-^ME)  or  redudng  (+^ME)  conditions  followed 
by  autoradiography.  *^‘‘0 -Labeled  molecular  weight  standards,  electro- 
phoresed  under  reducing  conditions,  were  used  as  reference. 


immature  dimer  (Pig.  2).  After  60  min  into  the  chase  period,  the 
mature  pra-MMP-9  monomer  and  dimer  were  detected  in  the 
media  (Fig.  2,  extracellular).  In  the  presence  of  a  reducing 
agent  (Fig.  2,  +  ^mercaptoethanol),  only  pro-MMP-Oj^  was  de¬ 
tected  (21)  consistent  with  dimerization  involving  the  forma¬ 
tion  of  a  disulfide  bond  (27).  Pulse-chase  samples  prepared  in 
the  presence  or  absence  of  20  nM  iV-ethylmaleimide  showed 
similar  results  demonstrating  that  dimerization  was  not  a  con¬ 
sequence  of  in  vitro  oxidation  during  cell  lysis  (data  not  shown). 

A  — 120-kDa  protein  of  unknown  origin  was  zdso  immuno- 
precipitated  from  the  media  and  was  only  observed  under  non¬ 
reducing  conditions  (Fig.  2,  extracellular).  The  120-kDa  protein 
is  not  likely  to  be  a  complex  of  the  monomeric  form  with 
TIMP-1  (31  kDa),  as  report^  by  Moll  et  al.  (22),  since  it  did  not 
co-immunoprecipitate  with  a  polyclonal  antibody  to  TIMP-1 
(data  not  shown),  known  to  co-precipitate  the  enzymeAnhibitor 
complex  (21).  Consistently,  a  radiolabeled  31-kDa  protein  was 
not  detected  under  reducing  conditions  in  the  pulse-chase  ex¬ 
periment.  Indeed,  vaccinia-infected  cells  do  not  express  endog¬ 
enous  TIMPs  (28).  Furthermore,  a  25-kDa  protein,  consistent 
with  the  molecular  mass  of  lipocalin  (19,  20),  which  is  known  to 
form  a  complex  with  neutrophil  pro-MMP-9,  could  not  be  de¬ 
tected  under  reducing  conditions  (Fig.  2,  ’^^-mercaptoethanoL). 
Interestingly,  the  120-kBa  protein  was  not  detected  in  purified 
preparations  of  recombinant  pro-MMP-9  (Fig.  3),  suggesting 
that  it  is  a  minor  component. 

Purification  of  Pro-MMP-S^  and  Pro-MMP-9 — To  charac¬ 
terize  the  biochemical  properties  of  the  pure  monomeric  and 
dimeric  forms,  these  forms  were  isolated  fi^m  each  other  using 
glycerol-gradient  sedimentation.  Since  pro-MMP-9D  sediments 
faster  than  pro-MMP-9M,  near  base-line  separations  were 
achieved  as  shown  in  the  z3rmogram  of  Fig.  3A.  Gradient  frac¬ 
tions  containing  pro-MMP-9j^  or  pro-MMP-9£)  were  pooled,  ac¬ 
tivated  or  not  with  stromelysin  1,  and  examined  by  non-reduc¬ 
ing  SDS-PAGE  followed  by  Coomassie  Blue  staining  (Fig.  ZB) 
and  by  gelatin  zymography  (Fig.  3C).  These  analyses  revealed 
that  the  purified  pro-MMP-9M  (Fig.  3,  B  and  C,  lane  3)  or 
pro-MMP-9D  (Fig.  3B,  lane  5y  and  C,  lane  4)  were  homogeneous. 
Incubation  of  pro-MMP-9M  and  pro-MMP-9D  with  stromelysin 
1  resulted  in  the  processing  of  these  two  forms  to  low  molecular 
mass  species  of  —82  kDa  (Fig.  3B,  lane  4,  and  B,  lane  5)  and 
-200  kDa  (Fig.  3,  B  and  C,  lane  6). 
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Fig.  3.  Purification  of  pro-MMP-9M  from  pro-MMP-9o  by  glyc¬ 
erol-gradient  sedimentation.  Recombinant  pro-MMP-9  was  sub¬ 
jected  to  glycerol-gradient  sedimentation,  as  described  under  “Experi¬ 
mental  Procedures."  A,  the  gradient  fractions  (1  pi)  were  analyzed  by 
gelatin-zyraography,  B  and  C,  purified  pro-MMP-9jj  and  pro-MMP-^ 
forms  were  incubated  (2  h,  37  "C)  with  (2B,  2C,  4B,  5C,  6B,  and  60  or 
without  (iB,  iCf  3C,  4C,  and  SB)  stromelysin  1.  The  latent  and 
active  forms  were  analyzed  by  8-16%  by  SDS-PAGE  and  Coomassie 
Blue  staining  under  non-redudng  conditions  (B)  or  by  gelatin-zymog- 
raphy  (C7).  Lane  J,  pro-MMP-^,  lane  2,  MMP-9;  lane  3,  purified  pro- 
MMP-9m;  lanes  4B  and  SC  purified  MMP-9„,;  lanes  SB  and  4C  purified 
pro-MMP-9D;  lane  6,  purified  MMP-9d. 


Catcdytic  Competence  of  MMP-9^  and  MMP-9^ — We  deter¬ 
mined  the  and  values  for  the  hydrolysis  of  the  fluoro- 
genic  peptide  substrate  MOCAcPLGLA2pr(I>np)-AR-NH2  by 
MMP-9m  and  MMP-D^.  The  data  showed  saturation  kinetics  by 
the  two  purified  enzyme  forms  similar  to  that  reported  for 
MMP-9,  a  mixture  of  monomeric  and  dimeric  forms  (30).  Non¬ 
linear  least-squares  fits  of  the  data  to  the  Michaelis-Menten 
equation  allowed  for  determination  of  the  and 

values.  The  enzymes  showed  essentially  the  same  affinity  for 
the  substrate  with  values  of  1.28  ±  0.08  and  1.32  ±  0.06  /iM 
for  the  monomeric  and  dimeric  species,  respectively.  The 
and  values  for  the  hydrolysis  of  the  peptide  substrate 

by  MMP-9m  and  MMP-Ojj  were  also  essentially  similar  with 
values  of  2.72  ±  0.13  and  8,67  ±  0.24  and  k^JK^ 
values  of  (2.13  ±  0.14)  X  10®  and  (6.56  ±  0,22)  X  10® 
for  the  monomer  and  dimer,  respectively. 

The  ability  of  MMP-9m  and  MMP-Op  to  degrade  a  natural 
substrate  was  examined  using  fluorescein-labeled  gelatin. 
These  data  showed  that  MMP-O^  and  MMP-9d  cleaved  the 
gelatin  substrate  with  similar  catalytic  effiden<y,  as  indicated 
by  the  identical  linear  dependence  of  the  initial  rates  of  gelatin 
cleavage  as  a  function  of  enzyme  concentration  (0—0.3  dm) 
(data  not  shown).  Determination  of  the  kinetic  parameters  (A^^t 
and  of  this  reaction  was  not  possible  due  to  the  collisional 

quenching  of  the  fluorescein-labeled  fragments  released  at  the 
concentrations  of  gelatin  used  (25  nM  to  1  pM). 

Differential  Kinetics  of  Activation  of  Pro-MMP-9j^  and  Pro- 
MMP’9jy  by  Stromelysin  1 — Stromelysin  1  is  an  efficient  acti¬ 
vator  of  pro-MMP-9  (44,  45).  Therefore,  we  wished  to  compare 
the  kinetics  of  activation  of  isolated  pro-MMP-9^5  and  pro- 
MMP-9d  by  stromelysin  1.  After  exposure  of  pro-MMP-9M  or 
pro-MMP-Sj,  to  stromelysin  1,  the  enzymatic  activities  of  the 
generated  active  species  were  measured  using  the  fluorogenic 
peptide  substrate.  Nonlinear  least-squares  analysis  of  the  data 
according  to  the  Michaelis-Menten  equation  provided  the  ki¬ 
netic  parameters  listed  in  Table  I.  Thus,  pro-MMP-9u  is  acti- 
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Table  I 

Kinetic  pammeters  for  pro-MMP-9  monomer  and  dimer  activation  by 
stromelysin-1 

Increasing  concentrations  of  pto-MMP-Sm  pro-MMP-9i,  (2-120 
nM)  were  incubated  with  0,5  nM  stromelysin  1  in  a  total  volume  of  70  pi 
of  buffer  D,  at  37  *C.  MMP-B^  and  MMP-9jj  were  assayed  with  the 
fluorogenic  substrate  (7  pM)  in  buffer  R  at  25  ®C.  Analogous  results 
were  obtained  from  three  independent  experiments.  The  kinetic  param¬ 
eters  were  evaluated  from  nonlinear  regression  analysis,  as  described 
under  “Experimental  Ffrocedures.'^ 


Substrate 

Pto-MMP-Sm 

nM 

13  ±3 

(1.9  ±  0.1)  X  10-=* 

(1.5 

±  0.4)  X  10= 

Pro-MMP-9D 

25  ±7 

(4.1  ±  0.4)  X  10-* 

(1.6 

0.4)  X  Ifr* 

vated  with  a  catalytic  efficiency  10-fold  lower  than  that  of 
pro-MMP-9M  due  to  a  difference  in  the  values  of  since  the 
values  are  within  the  experimental  error.  At  subsaturating 
substrate  concentrations,  the  initial  rates  of  activation  of  pro- 
MMP-9p4  and  pro-MMP-Dj,  varied  linearly  with  stromelysin  1 
concentration  and  the  slopes  of  the  lines  correlated  with  the 
determined  kinetic  parameters. 

Pro-MMP’9j^  and  Pro-MMP-9xj  Bind  TIMP-1 — Previous  ex¬ 
periments  in  our  laboratory,  in  which  pro-MMP-9  and  TIMP-1 
were  co-expressed  in  the  vaccinia  expression  system,  demon¬ 
strated  that  both  the  monomeric  and  dimeric  forms  of  the 
enzyme  co-precipitated  with  TIMP-1  using  either  anti-TIMP-1 
or  anti-MMP-9  antibodies.^  These  studies  suggested  that  both 
pro-MMP-9  forms  bind  the  inhibitor.  Here  we  investigated  the 
ability  of  purified  pro-MMP-9M  and  pro-MMP-9D  to  form  a 
stable  complex  with  TIMP-1  using  size-exclusion  chromatogra¬ 
phy.  Prior  to  gel  filtration,  purified  pro-MMP-9M  or  pro- 
MMP-9d  was  incubated  with  molar  excess  concentrations  of 
1251  tjmP-1  and  the  mixtures  were  then  chromatographed  on  a 
Superose-12  column.  Fig.  4  shows  the  column  profiles  of 
TIMP-1  alone  and  of  mixtures  of  ^^I-TIMP-l  with  either  pro- 
MMP-9m  or  pro-MMP-Djj,  These  column  profiles  (Fig.  4)  and 
analysis  of  the  eluted  fractions  by  immimoblot  and  autoradiog¬ 
raphy  (data  not  shown)  demonstrated  that  a  fraction  of  the 
i25i_ipiMp.i  coHihromatographed  with  the  monomeric  and  di¬ 
meric  forms  of  proMMP-9  consistent  with  formation  of  stable 
complexes.  The  sum  of  the  radioactivity  present  in  peak  1 
(enzymeAnhibitor  complex)  and  in  peak  2  (^^I-TIMP-1  alone) 
of  the  column  profiles  revealed  an  enzyme:  inhibitor  ratio  of 
1:1.26  for  the  pro-MMP-9na^IMP-l  complex  and  of  1:1.84  for 
the  pra-MMP-9i/nMP-l  complex  consistent  with  a  stoichiom¬ 
etry  of  1:1  and  1:2,  respectively.  As  controls,  mixtures  of  either 
pro-MMP-Bw  or  pro-MMP-9D  with  ^^I-TIMP-2  chromato¬ 
graphed  under  the  same  conditions  failed  to  demonstrate  com¬ 
plex  formation  (data  not  shown).  These  experiments  demon¬ 
strate  that  both  the  monomeric  and  dimeric  forms  of  pro- 
MMP-9  bind  TIMP-1. 

SPR  Analyses  of  Latent  and  Active  Monomer  and  Dimer  with 
TlMP-1  and  TIMP-2 — Previously,  we  reported  the  binding  af¬ 
finities  of  pro-MMP-9  and  MMP-9  with  TIMP-1  and  TIMP-2 
using  SPR  (30).  Here  we  used  SPR  to  examine  the  binding 
kinetics  of  purified  pro-MMP-9i4  and  pro-MMP-Sjj  and  their 
active  species  with  TIMP-1  and  TIMP-2.  As  expected,  pro- 
MMP-9h4  and  pro-MMP-9|5  bind  to  TIMP-2.  However, 

the  active  MMP-9  species  demonstrated  distinct  association 
and  dissociation  phases  of  binding  to  TIMP-2.  The  calculated 
association  rate  constant  (^„),  dissociation  rate  constant  (Jfe^), 
and  equilibrium  constant  values  fi-om  the  SPR  analyses 
are  summarized  in  Table  II.  These  analyses  indicated  the  ex¬ 
istence  of  high  and  low  affinity  binding  sites,  as  reported  pre- 


^  M.  Pietila  and  R  Fridman,  unpublished  data. 
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Fig.  4.  Gel  filtration  of  pro-MMP-9,^,  and  pro-MMP-So  with  ,45!- 
TIMP-1.  Purified  pro-MMP-9 and  pro-MMP-9u  (10  pmol)  were  incu¬ 
bated  (1  h,  22  “O  with  20  or  30  pmol  of  '*«1-TIMP-1,  respectively.  The 
mixtures  were  then  subjected  to  gel  filtration  using  a  Superose-12 
column,  as  described  under  “Experimental  Procedures.**  The  radioactiv¬ 
ity  in  the  eluted  fractions  (350  pi)  was  measured  in  a  y  counter,  and  the 
amount  (picomoles)  of  TIMP-1  was  determined  ^m  the  specific 
activity. 

viously  for  the  binding  of  TIMP-1  to  pro-MMP-9  and  MMP-9 
(30),  known  to  be  a  mixture  of  both  monomeric  and  dimeric 
forms.  The  data  also  indicated  a  somewhat  greater  affinity 
(1.4 -1.7-fold)  of  the  dimeric  form  (latent  and  active)  for  TIMP-1 
at  the  high  affinity  site  (Table  II).  Both  MMP-9m  and  MMP-9j3 
bound  to  TIMP-2  with  biphasic  binding  kinetics.  However,  the 
affinity  of  TIMP-2,  at  the  high  affinity  site,  for  the  active 
MMP-9  forms  was  ~2-fold  lower  than  that  exhibited  by  TIMP-1 
(Table  H). 

Ki  Determination  of  TIMP-1  and  TlMP-2  for  MMP-9j^  and 
MMP-90 — ^To  further  examine  the  binding  of  TIMP-1  and 
TIMP-2  to  the  purified  MMP-9  forms,  we  carried  out  enzyme 
inhibition  studies.  As  we  have  previously  reported  with  MMP-2 
and  MMP-9  (30),  TIMP-1  and  TIMP-2  inhibited  the  active 
monomeric  and  dimeric  species  in  a  process  consistent  with 
slow  binding  inhibition  (data  not  shown).  Table  III  shows  the 
^oni  and  calculated  values  determined  as  described 
under  “Experimental  Procedures.”  TIMP-1  inhibits  MMP-9i^ 
and  MMP-9u  with  comparable  rate  constants  for  the  inhibition 
onset  and  recovery  of  activity  and  therefore  results 
in  similar  if.  values.  The  is  fast  (>3  X  10®  M“^  s"^)  and  Kn 
is  slow  (—2.5  X  10  ®  s  ^),  resulting  in  effective  inhibition.  The 
same  trend  is  true  for  TIMP-2.  The  3-5-fold  difference  between 
the  values  of  TIMP-1  and  TIMP-2  for  the  MMP-9  species  is 
attributed  to  the  which  is  3-5-fold  greater  for  TIMP-1  than 
for  TIMP-2.  The  values  of  TIMP-1  and  TIMP-2  for  each 
MMP-9  species  are  essentially  similar.  The  and  values 
of  TIMP-1  and  TIMP-2  for  MMP-9m  and  MMP-9i5  determined 
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Table  II 

Interactions  of  TJMPs  mtk  the  latent  and  aetiae  monomeric  and  dimeric  species  of  MMP’B,  as  evaluated  by  SPR 


TIMP-1  (69  pmol)  and  TlMP-2  (42  pmol)  were  immobilized  onto  activated  CMS  sensor  cells.  The  binding  constants  for  each  analyte  protein  were 
determined  in  duplicate  using  at  least  six  different  concentrations  (2-400  nM)  in  a  final  volume  of  200  /aI  of  buffer  W.  The  parameters  and 

are  defined  under  “Experimental  Procedures.” 


Analyte  protein 

*0,1)" 

*0,2) 

*d<i) 

Ad<2) 

M"'  s"'  X  10'^ 

M' ’ X  20*^ 

s'  X  1(P 

s  '  X  l(P 

flM 

nu 

TIMP-1 

PrO'MMP-9M 

7.97  ±  0.47 

1.01  ±  0.07 

3.17  ±  0.09 

3.65  ±  0.47 

3.15  ±  0.51 

45.8  ±  4.3 

Pro-MMP-9D 

14.3  ±  1.56 

2.9  ±  0.29 

4.66  ±  1.22 

3.90  ±  1.13 

2.26  ±  0.41 

27.2  ±  6.4 

MMP-9m 

8.62  ±  0.65 

0.93  ±  0.08 

2.68  ±  0.53 

3.67  ±  1.12 

3.67  ±  0.31 

42.5  ±8.1 

MMP-9o 

14.5  ±  1.40 

1.68  ±  0.21 

4.29  ±  1.54 

4.17  ±  1.35 

2.56  ±  0.62 

28.6  ±  7.4 

TlMP-2 

MMP-9„ 

4.11  ±  0.33 

1.36  ±0.14 

7.14  ±  1.73 

4.02  ±  0.71 

5.24  ±  0.90 

98.0  ±  12.5 

MMP-9j) 

8.80  ±  1.19 

1.66  ±  0.31 

8.93  ±  2.15 

5.86  ±  2.25 

6.37  ±  1.14 

65.7  ±  17.1 

“  (1)  and  (2)  refer  to  the  first  and  the  second  phase  of  kinetics. 
Table  HI 

Association,  dissociation,  and  inhibition  constants  for  MMP-S 
monomer  and  dimer  interactions  with  TlMPs 
To  determine  MMP-9jn  and  MMP-Su  were  added  to  a  7  fiM  flu- 
orogenic  substrate  solution  in  buffer  R  containing  increasing  TIMP-1 
(0-30  nM)  or  TIMP-2  (0-60  nM)  resulting  in  final  enzyme  concentra¬ 
tions  of  1  and  0.5  nM,  respectively.  The  dissociation  rate  constants  were 
determined  by  diluting  a  preincubated  (for  1  h  at  25  *C)  reaction  mix¬ 
ture  containing  enzjmies  (300  nM)  and  inhibitors  (330  nM)  into  2  ml  of  a 
12  pM  fluorogenic  substrate  solution  in  buffer  R,  resulting  in  a  final 
enzyme  concentrations  of  0.5  nM.  All  assays  were  carried  out  in  tripli¬ 
cate.  The  Ao„,  A„„>  and  values  were  calculated  as  described  under 
“Experimental  Piwedures.” 


Elnzyme 

Ki 

J/"'  s"' 

nhi 

TIMP-1 

MMP-9m 

(3.12  ±  0.60)  X  10* 

(2.55  ±  0.43)  X  10"^ 

8.17  ±  1.11 

MMP-9ij 

(4.04  ±  0.28)  X  10® 

(2.88  ±  0.11)  X  10-* 

7.13  ±  0.26 

TIMP-2 

MMP-9m 

(9.89  ±  0.98)  X  10^ 

(2.57  ±  0.23)  X  10"® 

25.9  ±  2.4 

MMP-9o 

(8.44  ±  0.43)  X  10^ 

(3.05  ±  0.22)  X  10  ® 

36.1  ±  2.2 

from  the  inhibition  experiments  are  in  agreement  with  the 
values  determined  by  SPR  analyses  (Table  II).  Hence,  the  cal¬ 
culated  Ki  values  of  TIMP-1  and  TIMP-2  were  in  the  nanomolar 
range  and  within  2-5-fold  of  the  values  determined  by  SPR. 

DISCUSSION 

Pro-MMP-9  is  unique  among  the  members  of  the  MMP  fam¬ 
ily  in  that  it  forms  dimers  consisting  of  covalently  tethered 
monomers  via  a  disulfide  bond  that  can  also  be  found  in  tissues. 
However,  the  biochemical  properties  of  the  monomeric  and 
dimeric  forms  remained  unknown.  We  have  shown  that  the 
process  of  dimerization  occurs  intracellularly  and  concomi¬ 
tantly  with  glycosylation.  Accordingly,  both  the  precursor  and 
mature  forms  of  the  pro-MMP-Su  can  be  detected  in  the  cellular 
compartment  during  pro-MMP-9  biosynthesis.  However,  only 
mature  pro-MMP-9M  and  pro-MMP-9£,  are  secreted.  Under 
reducing  conditions,  only  monomeric  pro-MMP-9  was  detected, 
consistent  with  disulfide-bond  formation  during  intracellular 
dimerization.  The  identity  of  the  cysteine  residue(s)  that  pre¬ 
disposes  pro-MMP-9  to  dimerization  is  unknown.  Based  on  the 
crystal  structure  of  the  homologue  C-terminal  domain  of  pro- 
MMP-2  (36),  the  conserved  Cys®'®  and  Cys"^®^  in  the  he- 
mopexin-like  domain  of  pro-MMP-9  are  likely  to  be  disulfide- 
bonded  precluding  a  role  for  these  cysteine  residues  in  dimer 
formation.  Site  directed  mutagenesis  studies  also  excluded 
Cys674  process  (27,  46).  Consistently,  a  computational 

model  of  the  three-dimensional  structure  of  the  hemopexin 
like-domain  of  pro-MMP-9,^  based  on  the  crystal  structure  of 
the  same  domain  of  pro-MMP-2  (39),  suggests  that  Cys®^^, 


^  1.  Massova,  L.  Kotra,  and  S.  Mobashery,  unpublished  data. 


although  unique  to  pro-MMP-9,  is  unlikely  to  be  involved  in 
dimerization,  since  it  is  solvent-inaccessible.  Pro-MMP-9  con¬ 
tains  an  additional  Cys  at  position  468  located  in  the  collagen 
V-like  hinge  region  that  may  be  responsible  for  the  dimeriza¬ 
tion.  However,  its  role  in  dimer  formation  remains  to  be 
established. 

Expression  of  pro-MMP-9  in  the  vaccinia  system  allowed  us 
to  obtain  sufficient  amoimt  of  recombinant  enzyme  for  isolation 
and  purification  of  the  monomeric  species  from  the  dimeric 
form.  Several  procedures  were  tested  to  purify  the  monomer 
from  the  dimer  including  gelatin-affinity  chromatography  (27), 
ion-exchange  chromatography,  gel  filtration,  and  glycerol  gra¬ 
dient  sedimentation.  However,  the  latter  proved  to  be  the  most 
efficient  and  consistent  method  to  obtain  homogeneous  prepa¬ 
rations  of  monomer  and  dimer.  Purified  pro-MMP-9M  and  pro- 
MMP-9d  were  examined  for  their  interactions  with  TIMP-1 
and  TrMP-2  using  gel  filtration  and  SPR  analyses.  These  stud¬ 
ies  showed  that  both  pro-MMP-9  species  could  form  stable 
complexes  with  TIMP-1  but  not  with  TIMP-2.  These  data  are  in 
disagreement  with  a  previous  study  showing  a  lack  of  complex 
formation  between  TIMP-1  and  pro-MMP-9D  (27).  This  discrep¬ 
ancy  may  be  related  to  the  method  of  purification  of  the  mono¬ 
meric  from  the  dimeric  form  (gelatin-affinity  chromatography 
(Ref.  27)  versus  glycerol-gradient  sedimentation)  and/or  the  use 
of  recombinant  TIMP-1  expressed  in  bacteria  (27)  versus  mam¬ 
malian  cell-expressed  TIMP-1  (this  study).  We  have  foimd  that 
the  binding  of  TIMP-1  to  pro-MMP-9j^  or  pro-MMP-9p  was 
consistent  with  a  stoichiometry  of  1:1  and  2:1  molar  ratio, 
respectively,  suggesting  that  two  high  affinity  binding  sites  for 
TlMP-1  are  available  in  the  dimeric  form.  These  sites  are  likely 
to  be  located  in  the  hemopexin-like  domain,  which  is  the  major 
TIMP-1  binding  site  of  pro-MMP-9  (44).  The  gel  filtration  data 
were  supported  by  SPR  analyses  demonstrating  binding  of 
TIMP-1  to  the  monomer  and  dimer  (latent  and  active)  with 
biphasic  kinetics.  Thus,  dimerization  has  no  apparent  effect  on 
the  binding  kinetics  of  TIMP-1  and  the  affinity  values  are  in 
agreement  with  our  previous  data  with  pro-MMP-9  and 
MMP-9,  monomer  and  dimer  mixtures  (30).  Although  the  na¬ 
ture  of  the  second  TIMP-1  binding  site  is  unknown,  the  results 
presented  here  suggest  that  it  is  structurally  different  from  the 
site  required  for  dimerization  since  the  dimer  also  binds 
TIMP-1.  These  results  are  in  agreement  with  the  study  of 
(joldberg  et  at,  (27)  showing  that  mutations  disrupting  TIMP-1 
binding  had  no  effect  on  dimerization.  Consistent  with  our 
previous  SPR  data  with  pro-MMP-9  (30)  and  the  gel  filtration 
experiments,  TrMP-2  showed  no  binding  to  pro-MMP-9M  or 
pro-MMP-Qo.  However,  both  MMP-9j4  and  MMP-9d  exhibited 
biphasic  TIMP-2  binding  kinetics  with  an  affinity  that  was 
'^2-fold  lower  than  that  exhibited  by  TIMP-1,  at  the  high 
affinity  site.  Consistently,  enzyme  inhibition  studies  showed 
that  both  MMP-9^1  and  MMP-9i5  were  equally  inhibited  by 
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Fig.  6.  Stereo  view  of  the  energy-mi nimized  computational  model  for  the  prodomain  and  the  catal5rtic  dnmaii^  of  pro-MMP-9.  The 
catalytic  domain  is  shown  in  green  with  the  active  site  depicted  as  a  green  surface.  The  catalytic  zinc  ion  is  depicted  as  an  orange  sphere.  The 
backbone  of  the  prodomain  is  represented  as  a  tube.  The  backbone  of  the  prodomain  in  magenta  is  released  after  the  first  hydrolytic  step  by 
8tromel3r8in  1  at  the  Glu”-Met®®  peptide  bond  (indicated  by  the  arrow  at  7  o’clock).  The  remainder  of  the  prodomain,  given  in  orange^  is  released 
after  the  sectmd  faydn>l)rtic  step  at  the  Arg^®®-Phe^®^  peptide  bond  (indicated  by  the  arrow  at  9  o’clock).  The  side  chains  of  residues  GHu*®,  Met®®, 
Arg*°®,  and  Phe*®^  are  shown  in  the  ball-and^stick  representation.  Cys®®,  whose  side  chain  thiol  coordinates  with  the  catal3rtic  zinc  ion,  is  shown 
in  yellow. 


TIMP-1  =  7-8  DM)  and  TIMP-2  <Ki  =  26-36  nM)  with 
kinetics  consistent  with  slow  binding  inhibition,  as  previously 
reported  (30).  It  should  be  noted  that  the  values  obtained  by 
SPR  analysis  were  concordant  with  the  Ki  values  obtained  by 
enzyme  inhibition  studies. 

Kinetic  studies  with  MMP-9j^  and  MMP-9d  indicate  no  sig¬ 
nificant  differences  in  the  hydrolytic  capacity  of  the  MMP-9 
forms  against  a  fluorogenic  peptide  substrate  and  gelatin,  a 
natural  substrate  of  the  enzyme  (14).  Furthermore,  no  evidence 
of  cooperative  interaction  between  the  two  active  sites  in  terms 
of  substrate  hydrolysis  and  TIMP  inhibition  was  observed,  as 
determined  by  the  enzyme  kinetic  studies  with  the  peptide 
substrate.  However,  we  have  foimd  a  significant  difference  in 
the  catalytic  efficiency  of  pro-MMP-9M  pro-MMP-9p  acti¬ 
vation  by  stromelysin  1  with  pro-MMP-9D  being  activated  with 
a  lower  efficiency  (10-fold),  as  indicated  by  k^JK^  values  for 
the  activation  reaction.  The  values  are  in  the  nanomolar 
range  for  both  pro-MMP-9  forms,  consistent  with  the  fact  that 
stromelysin  1  is  readily  satiirated  by  pro-MMP-9  (44,  45).  The 
values  in  the  nanomolar  range  have  also  been  observed  for 
a  number  of  proteolytic  enzymes  of  the  blood  coagulation  cas¬ 
cade  with  their  substrates  (47).  Since  catalysis  is  very  slow, 
equals  K^.  This  indicates  that  the  affinity  (FT,)  of  stromelysin  1 
for  proMMP-9  is  high.  For  the  same  reason,  =  k2.  The 
microscopic  rate  constant  kz  is  that  for  the  peptide  hydrolysis 
(hydrolytic)  step,  beyond  the  Michaelis-Menten  complex.  It  is  of 
interest  that  values  for  turnover  of  the  two  forms  of  pro- 
MMP-9  are  exceedingly  small  (in  the  range  of  10“^  to  lO”**  s”^; 
Table  I).  A  low  is  consistent  with  a  low  value  for  since 
the  ratio  has  a  limit  set  by  the  rate  of  diffusion.  How¬ 

ever,  the  resultant  k^JK^  values  are  in  the  respectable  range 
of  10'*  to  10®  s“^.  These  values  further  suggest  that  strome¬ 

lysin  1  is  an  efficient  physiological  activator  of  pro-MMP-9  (48). 

The  low  values  for  activation  of  the  two  pro-MMP-9 
forms  by  stromelysin  1  are  worthy  of  comment.  Highly  catalyt- 


ically  competent  enzymes,  which  often  operate  at  the  diffusion 
limit,  may  have  values  in  the  range  of  10®  8~^.  Clearly, 
stromel)rsin  1  does  not  merit  this  distinction.  This  raises  the 
question:  why  is  the  value  for  the  activation  of  pro-MMP-9 
so  low?  The  crystal  structure  of  the  catalytic  domain  of  strome¬ 
lysin  1  indicates  that  the  active  site  is  an  extended  cleft  (43, 49, 
50).  Proteases  generally  prefer  unstructured  peptides  as  sub¬ 
strates.  This  appears  to  be  the  case  for  stromelysin  1,  based  on 
the  topology  of  its  active  site.  The  high  affinity  of  stromelysin  1 
for  pro-MMP-9  indicates  that  the  complex  between  the  two 
enzymes  forms  readily,  even  in  the  nanomolar  range  for  the 
pro-MMP-9  concentration.  Despite  this,  turnover  is  slow  of 
6.1  ±  0.3  and  28  ±  2  min  computed  from  the  values  for  the 
monomeric  and  dimeric  forms,  respectively).  Ogata  ef  of.  (46) 
first  reported  that  the  activation  of  pro-MMP-9  by  stromel3rsin 
1  is  a  sequential  process  involving  two  cleavage  sites,  first  in 
the  Glu®®-Met®*^  bond  followed  by  the  cleavage  of  the  Arg^*^®- 
Phe'®^  peptide  bond.  The  first  cleavage  generates  an  inactive 
85-kDa  intermediate  form  within  seconds  (44),  whereas  the 
second  cleavage  site  generates  the  fully  active  82-kDa  MMP-9 
species  (29,  45).  Fig.  5  shows  a  view  of  the  energy-minimized 
computational  model  that  we  have  generated  for  the  catalytic 
domain  of  pro-MMP-9  and  its  requisite  prodomain.  As  seen  in 
this  image,  the  Glu®®-Met®°  bond  is  fully  exposed  near  the 
surface  of  the  protein,  and  hence  would  be  accessible  to  strome¬ 
lysin  1.  Such  a  position  would  readily  fit  in  the  active  site  of 
stromelysin  1,  and  its  hydrolysis  is  obviously  rapid  as  discerned 
from  the  turnover  in  the  range  of  several  seconds.  The  fact  that 
this  cleavage  occurs  so  readily  facilitates  measurement  of  the 
hydrolysis  rate  of  the  second  cleavage,  which  results  in  zymo¬ 
gen  activation.  In  essence,  the  product  of  the  first  cleavage, 
which  is  inactive,  serves  as  the  substrate  for  the  activation 
event.  Our  model  predicts  that  the  Arg^®®-Phe^°^  peptide  bond 
is  less  accessible  than  the  Glu®®-Met®°  bond  (Fig,  5).  The  ki¬ 
netics  of  pro-MMP-9  activation  by  stromelysin  1,  measured  in 
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this  study,  are  for  the  slow  cleavage  step  and  follow  an  uncom¬ 
plicated  standard  profile  for  a  single  satxiration  event.  For  the 
second  cleavage  to  take  place,  a  required  relaxation  of  struc¬ 
ture  will  have  to  occur.  This  would  entail  dissociation  of  Cys®® 
from  coordination  with  the  active  site  zinc  ion  (Fig.  5).  It  is 
necessary  that  after  the  formation  of  the  pro-MMP-9/stromely- 
sin  1  complex,  pro-MMP-9  relaxes  its  secondary  structure 
around  the  activation  site,  prior  to  its  fitting  into  the  active  site 
of  stromelysin  1  and  hydrolysis  of  the  peptide  bond.  This  re¬ 
laxation  of  structure  should  be  the  slow  step  in  the  catalytic 
turnover  of  pro-MMP-9. 

The  calculated  ty2  for  pro-MMP-9  turnover  falls  within  the 
range  of  the  length  of  time  needed  for  larger  scale  motions  of 
proteins,  such  as  helix-coil  transitions  for  example  (51),  which 
is  consistent  with  our  proposal  for  this  local  unfolding  of  the 
prodomain  prior  to  its  excision.  It  is  also  interesting  to  note 
that  the  pro-MMP-Dp  is  substantially  more  stable  than  the 
monomer  form,  based  on  the  values  that  we  have  meas¬ 
ured.  This  is  explained  intuitively  by  the  observation  that 
protein-protein  interactions,  in  this  case  by  dimerization,  sta¬ 
bilize  the  protein  making  it  more  difficult  to  unfold.  Thus,  a 
possible,  but  yet  unproven,  explanation  to  the  lower  rate  of 
dimer  activation  may  be  a  reduced  ability  of  the  dimer  to 
undergo  the  necessary  relaxation  of  structure  to  permit  the 
catalytic  hydrolysis  of  the  prodomain  by  stromelysin  1.  The 
significance  of  the  slower  rate  of  activation  of  the  pro-MMP-9 
dimer  by  stromelysin  1  for  MMP-9-dependent  proteolysis  is 
unclear.  However,  it  is  tempting  to  speculate  that  the  existence 
of  the  slow  activating  dimer  may  provide  an  additional  level  of 
control  during  ECM  degradation  by  MMP-9  species.  Further¬ 
more,  fluctuations  in  the  relative  amoimts  of  latent  monomer 
and  dimer  secreted  into  the  extracellular  milieu  may  also  play 
a  role  in  the  control  of  MMP-9-dependent  proteolysis.  The 
biochemical  and  cellular  processes  regulating  dimerization  of 
pro-MMP-9  remain  to  be  determined. 
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Previous  studies  have  shown  that  membrane  type 
1 -matrix  metalloproteinase  (MTl-MMP)  (MMP-14)  ini¬ 
tiates  pro-MMP-2  activation  in  a  process  that  is  tightly 
regulated  by  the  level  of  tissue  inhibitor  of  metallopro¬ 
teinase  (nMP)-2.  However,  given  the  difficulty  in  mod¬ 
ulating  TlMP-2  levels,  the  direct  effect  of  TIMP-2  on 
MTl-MMP  processing  and  on  pro-MMP-2  activation  in  a 
cellular  system  could  not  be  established.  Here,  recombi¬ 
nant  vaccinia  viruses  encoding  full-length  MTl-MMP  or 
TIMP-2  were  used  to  express  MTl-MMP  alone  or  in  com¬ 
bination  with  various  levels  of  TIMP-2  in  mammalian 
cells.  We  show  that  TIMP-2  regulates  the  amount  of  ac¬ 
tive  MTl-MMP  (57  kDa)  on  the  cell  surface  whereas  in 
the  absence  of  TIMP-2  MTl-MMP  undergoes  autocataly¬ 
sis  to  a  44-kDa  form,  which  displays  a  N  terminus  start¬ 
ing  at  Gly^  and  hence  lacks  the  entire  catalytic  do¬ 
main.  Neither  pro-MTl-MMP  (N  terminus  Ser*^)  nor  the 
44-kDa  form  bound  TIMP-2.  In  contrast,  active  MTl- 
MMP  (N  terminus  Tyr'^)  formed  a  complex  with  TIMP-2 
suggesting  that  regulation  of  MTl-MMP  processing  is 
mediated  by  a  complex  of  TIMP-2  with  the  active  en¬ 
zyme.  Consistently,  TIMP-2  enhanced  the  activation  of 
pro-MMP-2  by  MTl-MMP.  Thus,  under  controlled  condi¬ 
tions,  TIMP-2  may  act  as  a  positive  regulator  of  MTl- 
MMP  activity  by  promoting  the  availability  of  active 
MTl-MMP  on  the  cell  surface  and  consequently,  may 
support  pericellular  proteolysis. 


Turnover  of  extracellular  matrix  (ECM)^  is  a  fundamental 
process  of  many  normal  and  pathological  conditions.  A  major 
group  of  enzymes  responsible  for  ECM  degradation  is  the  ma¬ 
trix  metalloproteinases  (MMPs).  The  MMPs  are  multidomain 
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zinc-dependent  endopeptidases  that,  with  few  exceptions, 
share  a  basic  structural  organization  comprising  a  propeptide, 
catalytic,  hinge,  and  C-terminal  (hemopexin-like)  domains  (1, 
2).  All  MMPs  are  produced  in  a  latent  form  (pro-MMP)  requir¬ 
ing  activation  for  catalytic  activity,  a  process  that  is  usually 
accomplished  by  proteolytic  removal  of  the  propeptide  domain. 
Once  activated,  all  MMPs  are  specifically  inhibited  by  a  group 
of  tissue  inhibitors  of  metalloproteinases  (TIMPs)  (3). 

Over  the  last  five  years,  the  MMP  family  has  been  expanded 
to  include  a  new  subfamily  of  membrane-tethered  MMPs 
known  as  membrane-type  MMPs  (MT-MMPs),  which  as  of  to¬ 
day  includes  five  enzymes:  MT1-,  MT2-,  MT3-,  MT4-,  and  MT5- 
MMP  (4 “8).  The  MT-MMPs,  with  the  exception  of  MT4-MMP 
(9),  are  unique  because  they  are  anchored  to  the  plasma  mem¬ 
brane  (PM)  by  means  of  a  hydrophobic  stretch  of  approximately 
20  amino  acids  leaving  the  catalytic  domain  exposed  to  the 
extracellular  space.  MTl-MMP  (MMP-14)  was  the  first  mem¬ 
ber  of  the  MT-MMP  family  to  be  discovered  and  was  identified 
as  the  first  physiological  activator  of  pro-MMP-2  (gelatinase  A) 
(4,  10).  The  role  of  MTl-MMP  in  pericellular  proteolysis  is  not 
restricted  to  pro-MMP-2  activation  as  MTl-MMP  is  a  func¬ 
tional  enzyme  that  can  also  degrade  a  number  of  ECM  compo¬ 
nents  (11~14)  and  hence  can  play  a  direct  role  in  ECM  turn¬ 
over.  MTl-MMP  has  been  recently  shown  to  be  the  first 
member  of  the  MMP  family  indispensable  for  normal  growth 
and  development  since  mice  deficient  in  MTl-MMP  exhibit  a 
variety  of  connective  tissue  pathologies  and  a  short  life  span 
(15).  MTl-MMP  has  also  been  shown  to  be  a  key  enzyme  in 
tumor  metastasis  and  angiogenesis  (16,  17). 

Perhaps  the  most  interesting  aspect  of  MTl-MMP  is  the 
nature  of  its  interactions  with  TIMP-2  and  the  role  they  play  in 
pro-MMP-2  activation.  Studies  using  PM  extracts  containing 
MTl-MMP  (10)  or  a  transmembrane-deleted  form  of  MTl- 
MMP  (18)  have  shown  that,  at  low  concentrations,  TIMP-2 
stimulates  pro-MMP-2  activation  whereas  at  high  concentra¬ 
tions  it  inhibits  activation.  In  addition,  cross-linking  experi¬ 
ments  using  PM  preparations  demonstrated  the  binding  of 
TIMP-2  to  MTl-MMP  and  to  the  hemopexin-like  domain  of 
pro~MMP-2  (10).  Based  on  these  observations,  a  model  for  the 
activation  of  pro-MMP-2  has  been  proposed  in  which  the  cata¬ 
lytic  domain  of  MTl-MMP  binds  to  the  N-terminal  portion  of 
TIMP-2,  leaving  the  negatively  charged  C-terminal  region  of 
TIMP-2  available  for  the  binding  of  the  hemopexin-like  domain 
of  pro-MMP-2  (10,  19).  This  ternary  complex  has  been  sug¬ 
gested  to  cluster  pro-MMP-2  at  the  cell  surface  near  a  TIMP- 
2-free  active  MTl-MMP  molecule,  which  is  thought  to  initiate 
activation  of  the  bound  pro-MMP-2.  Pro-MMP-2  activation 
would  occur  only  at  low  TIMP-2  concentrations  relative  to 
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MTl-MMP,  which  would  permit  availability  of  active  MTl- 
MMP  to  activate  the  pro-MMP-2  bound  in  the  ternary  complex. 
Thus,  under  restricted  conditions,  TIMP-2  is  thought  to  pro¬ 
mote  the  activation  process  by  acting  as  a  molecular  link  be¬ 
tween  MTl-MMP  and  pro-MMP-2.  Kinetic  studies  with  PM 
containing  MTl-MMP  (19)  and  studies  with  the  catalytic  do¬ 
main  of  MTl-MMP  immobilized  on  agsurose  beads  (18)  have 
supported  this  model.  However,  this  model  of  pro-MMP-2  acti¬ 
vation  has  not  been  established  in  a  living  cell  system  due  to 
the  difficulty  in  modulating  the  level  of  TIMP-2  expression. 

Conflicting  results  have  been  reported  regarding  the  MTl- 
MMP  form(s)  responsible  for  the  formation  of  the  MTl- 
MMP‘TIMP-2  complex  (10,  19-22).  In  fact,  only  a  few  studies 
examined  the  direct  binding  of  TIMP-2  to  full-length  MTl- 
MMP.  Strongin  et  al.  (10)  reported  the  binding  ofMTl-MMP 
from  phorbol  ester-treated  HT-1080  PM  to  TIMP-2  boimd  to  an 
MMP-2-C-terminal  domain-affinity  column.  The  bound  MTl- 
MMP  turned  out  to  be  the  active  enzyme  starting  at 
Using  radiolabeled  TIMP-2  and  PM  extracts  derived  from 
COS-1  cells  transfected  with  the  full-length  MTl-MMP  cDNA, 
Zucker  et  al.  (20)  showed  the  formation  of  a  — 80-kDa  cross- 
linking  product.  However,  the  nature  of  the  cross-linked  MTl- 
MMP  form(s)  was  not  determined.  Other  studies  showed  the 
cross-linking  of  radiolabeled  TIMP-2  with  a  purified  autoacti- 
vated  recombinant  MTl-MMP  lacking  the  transmembrane  do¬ 
main  (13).  However,  binding  of  TIMP-2  to  pro-MTl-MMP  has 
not  been  examined.  Finally,  a  56-kDa  form  of  MTl-MMP  lack¬ 
ing  the  prodomain,  found  in  the  culture  media  of  breast  cancer 
cells,  co-purified  with  TIMP-2  (23).  Although  various  sources  of 
MTl-MMP  were  used,  these  results  were  consistent  with  the 
active  form  of  MTl-MMP  being  responsible  for  the  binding  of 
TIMP-2.  Nonetheless,  conflicting  results  were  recently  re¬ 
ported  by  Cao  et  al.  (22),  who  proposed  that  the  prodomain  of 
MTl-MMP  is  essential  for  the  binding  of  TIMP-2  to  MTl-MMP 
and  that  pro-MTl-MMP  can  activate  pro-MMP-2. 

A  major  limitation  in  the  study  of  MTl-MMP-TIMP-2  inter¬ 
actions  has  been  the  source  ofMTl-MMP,  which  included  trun¬ 
cated  enzymes  and  enzymes  expressed  in  bacteria  (18,  24). 
Furthermore,  PM  extracts  (10, 19)  and  mammalian  cells  trans¬ 
fected  with  the  MTl-MMP  cDNA  (4,  22,  25)  contain  endoge¬ 
nous  TIMPs  and/or  MMPs.  Thus,  the  direct  contribution  of 
TIMP-2  to  pro-MMP-2  activation  and  its  effect  on  MTl-MMP 
processing  could  not  be  clearly  assessed.  Here,  a  vaccinia  virus 
expression  system  in  mammalian  cells  (26-28),  which  allowed 
control  of  the  level  of  TIMP-2  expression  in  the  cells,  was  used 
to  investigate  the  effect  of  various  TIMP-2  levels  on  MTl-MMP 
processing  and  pro-MMP-2  activation  and  to  identify  the  na¬ 
ture  of  the  major  MTl-MAlP  species  detected. 

EXPERIMENTAL  PROCEDURES 

Buffers — The  following  buffers  were  used:  collagenase  buffer  (50  mM 
Tris-HCl,  pH  7.5,  5  mM  CaCla,  150  mM  NaCl,  and  0.02%  Brij-35),  lysis 
buffer  (25  mM  Tris-HCl,  pH  7.5,  1%  IGEPAL  CA-630:  a  non-ionic  de¬ 
tergent  from  Sigma,  100  mM  NaCl,  10  /ig/ml  aprotinin,  1  #tg/ml  leupep- 
tin,  2  mM  benzamidine,  and  1  mM  phenylmethylsulfonyl  fluoride), 
HNTG  buffer  (50  mM  Tris,  pH  7.5,  150  mM  NaCl,  0.1%  IGEPAL,  and 
10%  glycerol),  harvest  buffer  (60  mM  Tris-HCl,  pH  7.5,  0.55%  SDS,  and 
2  mM  EDTA),  and  buffer  R  (50  mM  HEPES,  pH  7.5,  150  mM  NaCl,  5  mM 
CaCl^,  0.01%  Brij-35,  and  1%  {vN)  dimethyl  sulfoxide). 

Recombinant  Vaccinia  Viruses  and  Cell  Culture — ^The  production  of 
the  recombinant  vaccinia  virus  (vTF7-3)  expressing  bacteriophage  T7 
RNA  polymerase  has  been  described  by  Fuerst  et  al.  (28).  Recombinant 
vaccinia  viruses,  expressing  either  human  TIMP-2  (vSC59-T2)  or 
TlMP-1  (vT7-Tl)  were  obtained  by  homologous  recombination,  as  de¬ 
scribed  previously  (28,  29).  To  construct  the  recombinant  vaccinia  virus 
expressing  human  MTl-MMP,  the  full-length  MTl-MMP  cDNA  (a  gen¬ 
erous  gift  from  Dr.  G.  Goldberg,  Washington  University,  St.  Louis,  MO) 
was  amplified  by  polymerase  chain  reaction  and  then  cloned  into  the 
pTF7EMCV-l  expression  vector,  under  control  of  the  T7  promoter  (30). 
After  sequence  verification  of  the  insert  in  both  directions,  the  resulting 


pTF7EMCV-l-MTl  plasmid  was  used  to  generate  a  recombinant  vac¬ 
cinia  vfrus  containing  the  ftill-I«igth  human  MTl-MMP  dDNA  (vT7- 
MTl)  by  homologous  recombination  with  wild  type  vaednia  virus,  as 
described  previously  (26,  28).  Non-malignant  monkey  kidney  epithelial 
BS-C-1  {CCL-26)  and  human  fibrosarcoma  HT-1080  (CCL-121)  cells 
were  obtained  from  the  American  Type  Culture  Collection  (ATCC, 
Rockville,  MD)  and  cultured  in  Dxilbecco’s  modified  Eagle’s  medium 
supplemented  with  10%  fetal  bovine  serum  (FBS)  and  antibiotics.  HeLa 
S3  cells  were  obtained  from  ATCC  (CCL-2.2)  and  grown  in  suspension 
in  minimal  essential  Spinner  medium  (Quality  Biologicals,  Inc.,  Gaith¬ 
ersburg,  MD)  supplemented  with  5%  horse  serum.  All  other  tissue 
culture  reagents  were  purchased  from  Life  Technologies,  Inc.  (Grand 
Island,  NY). 

Recombinant  Proteins  and  Antibodies — Human  pro-MMP-2,  TIMP-2, 
and  TIMP-1  were  expressed  in  HeLa  S3  cells  infected  with  the  appro¬ 
priate  recombinant  vaccinia  viruses  and  purified  to  homogeneity,  as 
described  previously  (26, 27,  31),  The  anti-TIMP-2  mAh  CAlOl  (32)  and 
a  rabbit  pAb  to  MTl-MMP  (here  referred  to  as  pAb  437)  (33)  have  been 
previously  described.  The  rabbit  pAb  160  and  pAb  36  to  MTl-MMP 
were  generated  and  characterized,  as  described  previously  (34). 

Infection-Transfection  and  PulsC'Chase  Analysis  of  MTl-MMP — ^BS¬ 
C-1  cells  in  6-welI  plates  were  infected  with  30  plaque  forming  units 
(pfti)/cell  of  vTF7-3  for  45  min  in  Dulbecco’s  modified  Eagle’s  medium 
containing  2.5%  FBS.  The  media  were  then  removed  and  the  infected 
cells  were  transfected  with  2  pg/ml  of  the  pTF7EMCV-l-MTl  plasmid 
in  Opti-MEM  (life  Technologies,  Inc.)  (1  ml/well)  using  LipofectAMINE 
(Life  Technologies,  Inc,),  as  described  by  the  manufacturer.  After  an 
incubation  of  3.5  h,  the  medium  was  aspirated  and  replaced  with  1 
ml/well  of  Dulbecco’s  modified  Eagle’s  medium  without  methionine 
supplemented  with  L-glutamine,  25  mM  HEPES,  pH  7.5,  0.1%  dialyzed 
FBS,  and  500  pCi/ml  P®S]methionine  (NEN  Life  Science  Products  Inc., 
Wilmington,  DE).  After  a  15-min  pulse,  the  plates  were  placed  on  ice, 
the  medium  was  aspirated  and  the  cells  received  1  ml/well  of  chase 
media  (Gpti-MEM  with  0.1%  dialyzed  FBS,  25  mM  HEPES,  pH  7.5,  and 
4.8  mM  methionine).  At  the  end  of  the  diase  period  (0-120  min  at 
37  ‘’O.  the  medium  was  aspirated  and  the  celb  were  lysed  with  100 
plMell  of  harvest  buffer.  The  lysates  were  then  subjected  to  five  cycles 
of  boiling  and  freezing  followed  by  a  brief  centrifugation.  The  superna¬ 
tants  were  collected  into  clean  tubes  with  the  addition  of  5  mM  iodoac- 
etamide,  2.5%  Triton  X-100,  and  20  ^g/ml  aprotinin  (final  concentra¬ 
tions).  For  immunopredpitations,  lysates  were  incubated  (16  h,  4  ^C) 
with  5  ^  of  the  pAb  437  to  MTl-MMP  followed  by  addition  of  30  of 
protein  G-Sepharose  beads  for  an  additional  ovemi^t  incubation  at 

4  *C.  After  recovering  the  beads  by  brief  centrifugation,  the  superna¬ 
tants  were  discarded  and  the  beads  were  washed  five  times  with  cold 
HTNG  buffer.  The  immunoprecipitates  were  recovered  from  the  beads 
with  4X  Laemmli  sample  buffer  (35),  boiled,  and  resolved  by  SDS- 
PAGE  under  reducing  conditions  followed  by  autoradiography. 

Expression  of  MTl-MMP  and  TIMP-2  by  Infection — To  express  MTl- 
MMP,  BS-C-1  cells  (10®  cells/35-mm  well)  in  6-well  plates  were  co- 
infect^  with  5  pfu/cell  each  of  vTF7-3  and  vT7-Mn  for  45  min  in  0.6 
ml/well  of  Dulbecco’s  modified  Eagle’s  medium  containing  2.5%  FBS 
(infection  medium)  at  37  *0.  In  some  experiments,  the  pfu/cell  of  the 
vT7-MTl  virus  was  varied  (0-10  pfu/cell)  to  modulate  the  level  of 
MTl-MMP  expression.  To  co-express  MTl-MMP  with  TIMP-2,  and  to 
modulate  the  level  of  inhibitor  expression,  BS-C-1  cells  were  co-infected 
with  5  pfu/cell  each  of  vTF7-3  and  vT7-MTl  and  increasing  amounts 
(0-10  pfu/cell)  of  vSC59-’r2  for  46  min  in  0.5  ml/well  of  infection  me¬ 
dium  at  37  “C.  To  co-express  MTl-MMP  and  TIMP-1,  the  vSC69-T2 
virus  was  replaced  with  vT7-Tl.  As  a  control,  BS-C-1  cells  were  infected 
with  the  vTF7-3  virus  alone  at  5  pfu/cell.  After  the  infection,  the  virus 
containing-medium  was  aspirated  and  each  well  received  2 -ml  of  fiesh 
infection  medium  without  viruses.  The  infected  cells  were  then  incu¬ 
bated  for  a  minimum  of  6  h  at  37  *C,  before  any  further 
experimentation. 

Activation  of  Pro-MMP-2 — At  the  indicated  times  following  infection, 
the  medium  was  aspirated  and  replaced  with  1  ml/well  of  Opti-MEM 
media  (life  Technologies,  Inc.)  containing  2  nM  recombinant  pro- 
MMP-2.  The  cells  were  then  incubated  for  various  times  at  37  *C.  The 
medium  was  collected  and  clarified  by  a  brief  centrifugation  (2,000  X  g, 

5  min)  and  the  cells  were  solubilized  in  100  ptl/well  of  cold  1)^818  buffer 
and  centrifuged  (13,000  X  g)  for  15  min  at  4  *0.  Samples  of  the  medium 
(5  p\)  and  lysates  (5  fd)  were  mixed  with  4X  Laemmli  sample  buffer  (35) 
without  reducing  agents  and  without  heating  and  subjected  to  gelatin 
zymography,  as  described  previously  (36). 

Immunoblot  Analysis — Infected  BS-C-1  cells  in  6-weU  plates,  as  de¬ 
scribed  above,  were  lysed  in  cold  lysis  buffer  (100  /il/well).  The  lysates 
(20  pJ  from  each  sample)  were  mixed  with  4x  Laemmli  sample  buffer 
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with  ^•mercaptoethanol  and  then  resolved  by  reducing  SDS-PAGE 
followed  by  imtnunoblot  analysis  using  the  appropriate  antibodies.  The 
immune  complexes  were  detected  using  the  ECL  system  (Pierce,  Rock¬ 
ford,  IL),  according  to  the  manufacturer’s  instructions. 

Surface  Biotinylation- — Twenty-four  hours  post-inftK;tion,  BS-C-1 
cells  in  160-mjn  tissue  culture  dishes  were  surface-biotinylated  with  0.5 
mg/ml  of  the  water-soluble,  cell  impermeable,  biotin  analog  sulfb-NHS- 
biotin  (Pierce)  for  30  min  at  4  *C  in  PBS  containing  0.1  mM  CaCl2  and 
1  mM  MgClj  <PBS-CM).  The  biotinylation  reaction  was  quenched  (10 
min  at  4  "C)  with  a  freshly  prepared  solution  of  50  mM  NH^Cl  in 
PBS-CM.  After  two  washes  with  cold  PBS-CM,  the  biotinylated  cells 
were  solubilized  in  harvest  buffer  (2  ml/150-inm  dish),  as  described 
above.  The  lysates  were  then  boiled  (5  rain),  centrifuged  (13,000  X  g,  5 
min)  and  the  supernatants  were  supplemented  with  2.5%  Triton  X-100 
(final  concentration).  The  lysates  (500  #il)  were  immunoprecipitated 
with  the  appropriate  antibody  and  protein  G-Sepharose  beads.  The 
iraraunoprecipitates  were  resolved  by  reducing  SEEPAGE  fallowed  by 
blotting  to  a  nitrocellulose  membrane.  The  biotinylated  proteins  were 
detected  with  streptavidin-horseradish  peroxidase  and  ECL. 

Isolation  of  PM — BS-C-1  cells  were  infected  with  vaccinia  viruses  to 
express  MTl-MMP  alone  or  MTl-MMP  with  TIMP-2,  as  described 
above.  The  next  day,  the  medium  was  aspirated  and  the  cells  were 
scraped  into  cold  25  mM  Tris-HCH,  50  mM  NaCl,  pH  7.4.  The  samples 
were  centrifuged  (800  x  g,  5  min)  twice  at  4  *0.  The  pellets  were 
resuspended  in  the  same  buffer  containing  8.5%  sucrose,  10  /Ag/ml 
aprotinin,  2  leupeptin,  1  mM  phenyl methylsulfonyl  fluoride,  4  mM 
benzamidine,  and  10  mM  JV-ethylraaleimide.  After  sonication,  the  solu¬ 
tions  were  centrifuged  at  19,000  X  g  at  4  *0  for  30  min.  The  superna¬ 
tants  were  collected  and  centrifuged  at  100,000  X  g  at  4  *0  for  1.25  h. 
The  pellets  were  resuspended  in  the  same  buffer  containing  protease 
inhibitors  and  no  sucrose.  The  PM  fractions  of  HT-1080  celb  treated  (12 
h,  37  *0)  with  100  nM  phorbol  ester  were  prepared  as  described  previ¬ 
ously  (36,  37). 

Activation  of  Pro-MMP-2  by  PM  of  BS-C-1  Cells  Co-expressing  MTl- 
MMP  and  TIMP-2 — Pro-MMP-2  (55  nM)  was  incubated  at  37  "C  with 
each  PM  fraction  (0.16  p.g/p.1)  in  a  total  volume  of  200  pX  of  collagenase 
buffer.  At  varying  times,  20  pi  of  the  reaction  mixture  were  added  to 
acrylic  cuvettes  containing  2  ml  of  a  7  pM  solution  rf  the  fluorescence 
quenched  substrate  MOCAcPLGLA2pr(Dnp)-AR-NH2  (Peptides  Inter¬ 
national,  Louisville,  KY)  (38)  in  buffer  R,  at  25  *0  (31).  Substrate 
hydrolysis  was  monitored  with  a  Photon  Technology  International  spec- 
trofluorometer  interfaced  to  a  Pentium  computer,  equipped  with  the 
RatioM  aster™  and  FeliX™  hardware  and  software,  respectively.  T[he 
cuvette  compartment  was  maintained  at  25  *C.  Fluorescence  measure¬ 
ments  were  carried  out  at  excitation  and  emission  wavelengths  of  328 
and  393  nm  and  excitation  and  emission  band  passes  of  1  and  3  nwi 
respectively.  Less  than  10%  hydrolysis  of  the  fluorogenic  peptide  sub¬ 
strate  was  monitored,  as  described  by  Knight  (39).  At  the  PM  concen¬ 
trations  used,  hydrolysis  of  this  substrate  by  MTl-MMP  was  insignifi¬ 
cant  when  compared  with  the  hydrolysis  by  MMP-2. 

Coupling  of  TIMP-2  to  Affi-Gel  10  Matrix — Purified  recombinant 
TIMP-2  (200  /ig)  in  PBS  was  allowed  to  bind  to  200  pi  of  Affi-Gel  10 
(Bio-Rad)  for  1  h  at  22  *C  with  rotation.  To  block  any  active  esters,  20 
/i.1  of  1  M  ethanolamine-HCl,  pH  8,  were  added  to  the  reaction  mixture 
followed  by  a  1-h  incubation  at  22  *0.  The  matrix  (Affi-(^1  lO-TlMP-2) 
was  allowed  to  settle  and  the  supernatant  was  subjected  to  reducing 
12%  SDS-PAGE  to  determine  the  amount  of  uncoupled  TIMP-2.  The 
Affi-Gel  lO-TIMP-2  matrix  was  washed  four  times  with  PBS  and  equil¬ 
ibrated  in  collagenase  buffer.  The  immobilized  TIMP-2  maintained  its 
capability  to  bind  pro-MMP-2,  as  determined  by  SDS-PAGE  analysis  of 
the  botmd  enzyme. 

Binding  of  MTl-MMP  to  Immobilized  77AfP*2— BS-C-1  cells  in 
150-mra  dishes  were  infected  to  express  MTl-MMP  alone  as  described 
above.  The  cells  were  solubilized  in  lysis  buffer  (2  ml/dish)  and  the 
lysates  (500  pi)  were  incubated  (12  h,  4  *C)  with  a  50-p.l  suspension  of 
either  Affi-Gel  lO-TIMP-2  matrix  or  Affi-Gel  10  matrix.  The  samples 
were  centrifuged  (13,000  X  g,  5  min)  and  the  supernatant  (unbound 
fraction)  and  the  matrix  (bound  fraction)  were  collected.  The  matrix 
beads  were  washed  (5  times)  with  HNTG  buffer.  The  beads  and  the 
unbound  fraction  (20  pi)  were  mixed  with  20  pi  of  4 X  Laemmli  sample 
buffer  with  ft-mercaptoethanol.  The  samples  were  then  resolved  by  12% 
SDS-PAGE  followed  by  immunoblot  analysis  with  the  pAb  437,  as 
described  above. 

Co-inimunoprecipitation  of  MTl-MMP  with  TIMP-2 — A  pulse-chase 
experiment  of  MTl-MMP  biosynthesis  was  carried  out  as  described 
above  except  that  the  BS-C-1  cells  were  lysed  in  lysis  buffer  after  the 
chase.  Aliquots  (20  pi)  of  the  ^^S-lysates  were  then  incubated  with  or 
without  unlabeled  TIMP-2  (150  nw)  for  2  h  at  4  *C  followed  by  imrau- 


nopredpitation  with  anti-TIMP-2  mAb  CAlOl  and  protein  (j-Sepharose 
beads,  as  described  above.  Iti  parallel,  another  nhquot  (20  p!)  of  the 
lysates  received  lOx  harvest  buffer  followed  by  immunoprecipitation 
with  the  pAb  437  to  anti-MTl-MMP,  as  described  above.  The  immuno- 
precipitates  were  resolved  by  reducing  SDS-PAGE  followed  by 
autoradiography. 

Immunoaffinity  Purification  and  N-terminal  Sequencing  of  MTl- 
MMP  Species — ImraunoPure  Immobilized  Protein  A  beads  (Pierce)  (1 
ml)  were  incubated  (1  h,  22  "C)  with  2  ml  of  the  pAb  437  serum  in 
binding  buffer  (0.01  M  sodium  phosphate,  pH  7.5— 8.0,  containing  150 
mM  NaC3).  The  beads  were  washed  with  0.2  M  sodium  borate,  pH  9.0, 
followed  by  coupling  of  the  antibodies  with  20  mM  dimethyl  pimelimi- 
date  hydrochloride  in  the  same  buffer  for  30  min  at  22  ®C.  The  beads 
were  then  centrifuged  (5  min,  2000  X  g)  and  the  supernatant  was 
aspirated.  The  beads  were  resuspended  in  a  solution  of  0.2  M  ethanol- 
amine,  pH  8.0,  followed  by  a  2-h  incubation  with  gentle  rocking  at  room 
temperature.  The  pAb  437/Protein  A  beads  were  washed  with  binding 
buffer.  BS-C-1  cells  in  eight  150-mra  dishes  infected  to  co-express  MTl- 
MMP  and  TIMP-2  were  lysed  in  harvest  buffer.  The  lysate  was  supple¬ 
mented  with  2.5%  Triton  X-100  (final  concentration)  and  incubated  (12 
h,  4  *0  with  the  pAb  437/Protein  A  beads.  After  a  brief  centrifugation, 
the  beads  were  collected  and  washed  three  times  with  harvest  buffer 
supplemented  with  2.5%  Triton  X-100.  The  boimd  proteins  were  eluted 
with  sample  buffer,  boiled,  and  subjected  to  reducing  10%  SDS-PAGE 
in  1.5-imn  wide  gel  cassettes  and  transferred  to  a  polyvinylidene  diflu¬ 
oride  membrane  (Bio-Rad).  The  transferred  proteins  were  stained  with 
0.1%  Coomassie  Blue  Brilliant  R-250  in  1%  acetic  acid,  40%  methanol. 
An  aliquot  of  the  eluted  proteins  was  also  subjected  to  immunoblot 
analysis  using  the  pAb  437.  After  identificatioii,  the  corresponding 
bands  were  cut  out  from  the  polyvinylidene  difluoride  membrane  and 
sent  for  microsequencing  to  ProSeq  (Boxford,  MA). 

RESULTS 

Biosynthesis  of  Recombinant  MTl-MMP  and  Activation  of 
Pro-MMP-2 — To  examine  the  expression  and  biosynthesis  of 
MTl-MMP,  BS-C-1  cells  were  iidected  with  the  vTF7-3  vac¬ 
cinia  vims  and  then  transiently  transfected  with  the 
pTF7EM(DV-l-MTl  plasmid.  After  the  infection-transfection 
procedure,  the  processing  of  MTl-MMP  was  examined  by 
pulse-chase  analysis  followed  by  immunoprecipitation  with  the 
pAb  437.  As  shown  in  Fig.  lA,  MTl-MMP  was  synthesized  as  a 
~60-kDa  protein  that  was  sequentially  processed  to  a  major 
57-kDa  form  and  to  a  heterogeneous  species  of  44-40  kDa. 
Cleavage  to  the  57-kDa  form  was  cleaiiy  detected  after  a  30- 
min  chase  i>eriod.  After  45  min,  the  44-40-kDa  forms  were 
detected.  After  90  min,  a  ^35-kDa  product  was  also  immuno¬ 
precipitated  by  the  pAb  437.  In  vTP7-3-infected  but  non-trans- 
fected  BS-C-1  cells  (Fig.  lA,  NT),  endogenous  MTl-MMP  was 
not  detected  demonstrating  the  lack  of  expression  of  endoge¬ 
nous  enzyme  in  BS-C-l-infected  cells. 

The  pTF7EMCJV-l-MTl  plasmid  was  used  to  construct  a 
recombinant  vaccinia  virus  expressing  full-length  human  MTl- 
MMP  (vT7-MTl)  by  homologous  recombination,  as  described 
previously  (26,  28).  BS-CJ-l  cells  were  co-infected  with  vTF7-3 
and  increasing  pfu/cell  of  vT7-MTl  and  then  examined  for  their 
ability  to  activate  exogenous  pro-MMP-2.  Generation  of  active 
MMP-2  in  the  media  and  the  lysates  was  monitored  by  gelatin 
zymography.  As  shown  in  Fig.  IB,  co-infection  of  BS-C-1  cells 
with  vTF7-3  and  vT7-MTl  resulted  in  pro-MMP-2  processing  to 
the  ~64-kDa  intermediate  form  and  Hie  62-kDa  active  species 
(14)  in  both  the  media  and  cell  lysates.  In  contrast,  BS-C-1  cells 
infected  with  the  vTF7-3  virus  alone  failed  to  initiate  pro- 
MMP-2  activation  despite  a  small  amount  of  autocatalytically 
generated  MMP-2  present  in  the  pro-MMP-2  stock  solution.  A 
very  weak  '^57-kDa  gelatinolytic  band  was  also  detected  in  the 
lysates  of  cells  co-infected  with  the  two  viruses  but  not  with 
vTF7-3  alone.  The  57-kDa  form  is  derived  from  MTl-MMP,  as 
will  be  discussed  below.  In  the  absence  of  exogenous  pro- 
MMP-2,  infected  BS-C-1  cells  showed  no  detectable  levels  of 
endogenous  pro-MMP-2  (data  not  shown),  as  previously  re¬ 
ported  (26,  27). 
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Fig.  1.  Processing  and  activity  of  MTl-MMP.i4,  BS-C-1  cells  were  infected  (45  min)  with  30-pfu/ceU  of  vTF7-3  and  then  transfected  with  2 
^^ell  of  the  pTF7EM(}V-l-MTl  expression  vector.  At  3.5  h  post-infection  transfection,  the  cells  were  pulse-labeled  with  P®S] methionine  for  16 
rain  and  then  chased  for  0-120  min.  At  the  indicated  times,  the  cells  were  lysed  in  harvest  buffer  and  the  lysates  were  immunoprecipitated  with 
the  pAb  437  and  protein  G-Sepharose  beads.  The  immunoprecipitates  were  resolved  by  10%  SDS-PAGE  under  reducing  conditions  followed  by 
autoradiography.  NT,  BS-C-1  cells  infected  with  the  vTF7-3  virus  but  not  transfected  and  processed  at  0  and  120  min.  B,  BS-C-1  cells  were  infected 
with  5  pfu/cell  of  VTF7-3  or  co-infected  with  5  pfu/cell  of  vTF7-3  and  increasing  pfu/cell  (0.1-10)  of  vT7-MTl  to  express  MTl-MMP.  At  12  h 
post^infection,  the  cells  were  incubated  with  2  uM  exogenous  pro-MMP-2  for  an  additional  7  b  at  37  "C.  Ihe  medium  (5  pi)  and  lysates  (5  pi)  were 
then  harvested  and  einalyzed  by  gelatin  zymography. 


Effects  of  TIMP'2  on  Pro-MMP-2  Activation  and  MTl-MMP 
Processing — Previous  in  vitro  studies  demonstrated  a  role  for 
TIMP-2  in  pro-MMP-2  activation  by  MTl-MMP  (10,  18,  19). 
However,  the  role  of  TIMP-2  in  pro-MMP-2  activation  has  not 
been  established  in  a  cell-based  assay.  To  inv^tigate  the  role  of 
TIMP-2  in  MTl-MMP-dependent  activation  of  pro-MMP-2,  we 
used  the  vaccinia  system  to  co-express  MTl-MMP  with  TIMP-2 
in  BS-C-1  cells  using  the  appropriate  recombinant  vaccinia 
viruses.  To  vary  the  level  of  inhibitor  in  the  system,  BS-C-1 
cells  were  co-infected  with  various  amounts  (pfu/cell)  of  vSC59- 
T2,  the  TIMP-2-expressing  vaccinia  virus,  while  keeping  con¬ 
stant  the  amount  of  vT7-MTl,  thus  varying  the  MTl-MMP/ 
TIMP-2  ratio.  It  should  be  noted  that  all  cells  were  infected 
with  the  polymerase-expressing  virus  (vTF7-3).  After  infection, 
the  cells  were  incubated  with  exogenous  pro-MMP-2.  The  ly¬ 
sates  were  then  analyzed  for  MTl-MMP  and  TIMP-2  expres¬ 
sion  by  immunoblot  analysis  (Fig.  2A)  and  pro-MMP-2  activa¬ 
tion  was  monitored  by  gelatin  zymography  of  the  media  and  the 
lysates  (Fig.  2B).  As  shown  in  the  immunoblot  of  Fig.  2A,  the 
level  of  TIMP-2  expression  was  dependent  on  the  amounts 
(pfu/cell)  of  vSC59-T2  virus  used  to  infect  the  cells.  Under  the 
same  conditions,  BS-C-1  cells  infected  to  express  MTl-MMP 
alone  showed  no  detectable  expression  of  endogenous  TIMP-2 
by  immunoblot  analysis  (Fig.  2A)  and  by  ELISA  determination 
(data  not  shown),  in  agreement  with  our  previous  studies  in 
vaccinia-infected  cells  (26,  27,  31). 

Immunoblot  analysis  of  the  same  lysates  with  the  anti-MTl- 
MMP  pAb  437  showed  a  profile  of  MTl-MMP  forms  that  varied 
with  the  level  of  TIMP-2  expression.  In  the  absence  of  TIMP-2, 
the  lysates  exhibited  the  69-  and  44-40-kDa  species  of  MTl- 
MMP  with  the  latter  being  the  major  species.  Increased  expres¬ 
sion  of  TIMP-2  correlated  with  the  accumulation  of  the  57-kDa 
species  of  MTl-MMP,  which  was  concomitant  with  a  gradual 
decrease  in  the  44-40-kDa  forms.  The  57-kDa  species  of  MTl- 
MMP  detected  in  the  co-infected  cells  co- migrated  with  the 
MTl-MMP  form  present  in  the  PM  of  phorbol  ester-treated 
HT-1080  cells  (Fig.  2A,  lane  c).  Lack  of  a  direct  correlation 
between  the  intensity  of  the  bands  corresponding  to  the  44— 
40-kDa  species  and  the  intensity  of  the  bands  corresponding  to 
the  60-  and  57-kDa  forms  may  be  due  to  a  differential  solubi¬ 


lization  of  these  forms  from  the  cells  when  using  Nonidet  P-40 
(IGEPAL)  as  detergent.  Indeed,  extraction  with  SDS  (harvest 
buffer)  significantly  improved  the  yield  and  detection  of  the 
60-kDa  species  of  MTl-MMP  (data  not  shown). 

Zymographic  analysis  (Fig.  2B)  showed  that  the  activation  of 
pro-MMP-2  by  MTl-MMP,  as  determined  by  the  appearance  of 
the  62-kDa  species  of  MMP-2,  was  dependent  on  the  level  of 
TIMP-2  expression.  Low  levels  of  TIMP-2  expression  correlated 
with  an  enhanced  activation  of  pra-MMP-2  when  compared 
with  cells  expressing  MTl-MMP  alone  in  both  the  media  and 
the  cell  lysates.  On  the  other  hand,  high  levels  of  TIMP-2 
expression  were  associated  with  lower  amoimts  of  active 
MMP-2  (62  kDa).  In  the  lysates  of  cells  co-expressing  MTl- 
MMP  and  TIMP-2,  we  also  detected  a  weak  -“57-kDa-gelatino- 
lytic  band  (Pig.  2B),  which  was  identified  as  MTl-MMP  (see 
Fig.  3).  Time  course  analysis  (Fig.  2(7)  of  the  activation  process 
by  MTl-MMP  co-expressed  with  TIMP-2,  revealed  the  presence 
of  active  MMP-2  (62  kDa)  in  the  lysates  as  early  as  30  min  alter 
addition  of  pro-MMP-2.  At  the  same  time,  the  enzyme  in  the 
medium  remained  mostly  in  the  latent  form.  With  time,  the 
62-kDa  species  was  also  detected  in  the  medium  suggesting 
that  after  surface  activation  the  62-kDa  form  dissociates  from 
the  cell  surface  and  it  is  released  into  the  medium  (Fig.  2C). 

TIMP-2  but  Not  TIMP-1  Induces  the  Accumulation  of  the 
57-kDa  Form  of  MTl-MMP — As  shown  above  (Fig.  2),  co-ex¬ 
pression  of  MTl-MMP  and  TIMP-2  induced  the  accumulation 
of  the  57-kDa  species  of  MTl-MMP,  which  exhibited  gelatino- 
lytic  activity.  To  further  investigate  the  effects  of  TIMP-2  on 
the  accumulation  of  the  57-kDa  species  and  to  compare  its 
effect  with  that  of  TIMP-1,  BS-C-1  cells  were  infected  to  ex¬ 
press  MTl-MMP  alone  or  MTl-MMP  with  increasing  amounts 
of  either  TIMP-2  or  TIMP-1,  These  experiments  were  carried 
out  in  the  absence  of  exogenous  pro-MMP-2.  (jeneration  of  the 
57-kDa  species  was  monitored  by  gelatin  zymography  and  im¬ 
munoblot  analysis.  As  shown  in  Fig.  3A,  the  intensity  of  the 
57-kDa  gelatinolytic  species  increased  as  a  function  of  the 
amount  (pfu/cell)  of  the  vSC59-T2  virus  (Fig.  3A,  lanes  4-S). 
On  the  other  hand,  lysates  of  cells  expressing  MTl-MMP  alone 
(Fig.  3A,  lane  3)  showed  little  or  no  detectable  gelatinolytic 
bands.  Co-expression  of  MTl-MMP  with  TIMP-1  had  no  effect 
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Fig.  2.  TlMP-2  enhances  the  activation  of  pro>MMP>2  by  MT1>MMP  and  induces  the  accumulation  of  the  57>kDa  species  of 
MTl-MMP.  it  and  B,  BS-C-1  cells  were  co-infected  with  5  pfu/cell  each  of  vTF7-3  and  vT7-MTl  and  increasing  amounts  ofvSC59-T2  (0-1  pfu/cell) 
to  co-express  MTl-MMP  and  TIMP-2.  At  6  h  post-infection,  tihe  cells  were  incubated  with  2  nM  exogenous  pro-MMP-2  for  an  additional  12  h  at  37  “C 
followed  by  solubilization  of  the  cell  monolayer  with  lysis  buffer.  In  A,  lysates  (20  pi)  were  subjected  to  reducing  12%  SDS-PAGE  followed  by 
inamunoblot  analysis  using  the  anti-TlMP-2  mAh  (CAlOl)  {upper  panel)  and  the  anti-MTl-MMP  pAb  437  (^oiocr  panel).  Detection  of  the  antigens 
was  performed  using  E(X  (Pierce).  As  control  (lane  CO,  PM  fractions  (16  pg)  of  phorbol  ester-treated  HT-1080  cells  were  similarly  analyzed.  In  B, 
the  media  and  lysates  (5  pi  each)  were  subjected  to  gelatin  zymography.  Asterisk  shows  the  57-kDa  MTl-MMP  enzyme.  C,  BS-C-1  cells  were 
co-infected  with  5  pfu/cell  each  of  vTF7-3  and  vT7-MTl  and  0.01  pfu/cell  of  vSC59-T2.  At  6  h  post-infection,  the  cells  were  incubated  with  2  nM 
exogenous  pro-MMP-2  for  various  times  (0-12  h).  At  each  time,  the  medium  and  lysates  were  harvested  and  analyzed  by  gelatin  zymography. 
These  experiments  were  repeated  at  least  three  times  with  similar  results. 
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Fig.  3.  Effect  of  TIlVlP-2  and  TIMP-1  on  the  profile  of  MTl-MMP  forms.  A,  BS-C-1  were  co-infected  with  5  pfu/cell  each  of  vTF7-3  and 
vT7-MTl  (lams  3~-8)  and  increasing  amounts  of  vSC59-T2  (lane  4, 0.01  pfii/cell;  lane  5, 0.1  pfu/cell;  lane  6, 1  pfii/cell)  or  vT7-Tl  (lane  7, 0.01  pfu/cell; 
lane  3,  1  pfu/cell).  At  12  h  post-infection,  the  cells  were  harvested  in  100  pi  of  lysis  buffer  and  the  lysates  (20  pi)  were  analyzed  by  gelatin 
zymography.  Lane  1  shows  purified  pro-MMP-2  (5  ng)  and  lane  2  shows  active  MMP-2  (62  and  46  kDa)  (5  ng),  as  references.  B,  BS-C-1  cells  were 
co-infected  with  5  pfu/cell  each  of  vTF7-3  and  vT7-MTl  and  either  vSC59-T2  (5  pfu/cell)  to  co-express  TIMP-2  or  vT7-Tl  (5  pfu/cell)  to  co-express 
TIMP-1.  The  lysates  were  resolved  by  reducing  12%  SDS-PAGE  followed  by  immunoblot  analysis  using  the  pAb  437  and  detection  ECL.  C, 
BS-C-1  cells  were  co-infected  with  5  pfu/cell  each  of  vTF7-3  and  vT7-MTl,  After  infection,  the  cells  were  incubated  (12  h,  37  ®C)  without  (lane  1) 
or  with  increasing  amounts  of  either  exogenous  TIMP-2  (lane  2,  1  ng/ml;  lane  3.  10  ng/ml;  lane  4,  100  ng/ml;  lane  5,  500  ng/ml)  or  TlMP-1  (lane 
6, 500  ng/ral).  The  lysates  were  harvested  and  analyzed  by  gelatin  zymography  and  immunoblot  analysis  with  the  pAb  437  to  MTl-MMP.  Asterisks 
in  A  and  C  show  the  57-kDa  MTl-MMP  gelatinolytic  enzyme. 


on  the  gelatinolytic  activity  (Fig.  3A,  lanes  7  and  8)  and  on  the 
profile  of  the  MTl-MMP  forms  (Fig.  3B)  when  compared  with 
cells  co-expressing  MTl-MMP  and  TIMP-2  (Fig.  3B)  or  MTl- 
MMP  alone  (shown  in  Fig.  3C,  lane  1). 

The  accumulation  of  the  57-kDa  species  was  also  observed 
after  addition  of  exogenous  TIMP-2  to  cells  expressing  MTl- 
MMP.  As  shown  in  Fig.  3C,  500  ng  of  TIMP-2  (Fig.  3C,  lane  5) 
clearly  induced  the  appearance  of  the  57-kDa  gelatinolytic  form 


when  compared  with  cells  that  did  not  receive  the  inhibitor 
(Fig.  3C,  lane  1),  Consistently,  immunoblot  analysis  of  the 
same  lysates  showed  a  dose-dependent  accumulation  of  the 
67-kDa  species  after  addition  of  exogenous  TIMP-2  (Fig.  3C, 
lanes  4  and  5).  Under  these  conditions,  reduction  in  the  relative 
amounts  of  the  44— 40-kDa  species  of  MTl-MMP  was  not  evi¬ 
dent.  This  suggests  that  exogenous  TIMP-2,  as  opposed  to 
inhibitor  co-expressed  ivith  MTl-MMP  (Fig.  3B),  is  less  efii- 
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Fig.  4.  TIMP-2  but  not  TIMP-l  regulates  the  MTl-MMP-de- 
pendent  activation  of  pro-MMP-2.  BS*C>1  cells  were  co-infected 
with  5  pfu/cell  each  of  vTF7-3  and  vT7-MTl  and  increasing  amounts 
(0-10  pfti/cell)  of  either  vSC59-T2  (MTI-MMP  +  TIMP-2)  or  vT7-Tl 
(MTI-MMP  -I*  TlMP-1).  At  6  h  post-infecticm,  the  cells  were  incubated 
with  2  nM  exogenous  pro-MMP-2  for  an  additional  10  h  at  37  *C.  The 
lysates  were  then  harvested  and  analyzed  by  gelatin  zymography.  Lane 
c  shows  pro-MMP-2  incubated  with  BS-C-1  cells  infected  with  5  pfu/cell 
of  vTF7-3  alone.  These  experiments  were  repeated  at  least  three  times 
with  similar  results. 


dent  in  preventing  the  generation  of  the  44-40-kDa  forms. 
Addition  of  exogenous  TIMP-l  (500  ng)  had  no  effect  on  the 
appearance  of  the  57-kDa  gelatinolytic  spedes  and  did  not  alter 
the  profile  of  MTI-MMP  forms,  as  determined  by  zymography 
and  immimoblot  analysis,  respectively  (Fig.  3C,  lane  6), 

We  then  compared  the  effects  of  TIMP-2  and  TIMP-l  on  the 
ability  of  MTI-MMP  to  initiate  pro-MMP-2  activation.  To  this 
end,  BS-C-1  cells  were  infected  to  express  MTI-MMP  with 
either  TIMP-2  or  TIMP-l  using  the  appropriate  vacdnia  vi¬ 
ruses  as  described  under  “Experimental  Procedures.**  After  in¬ 
fection,  the  cells  were  examined  for  their  ability  to  initiate 
pro-MMP-2  activation  by  gelatin  zymography.  As  shown  in  Fig. 
4,  TIMP-2  enhanced  the  MTl-MMP-dependent  activation  of 
pro-MMP-2  at  low  inhibitor  concentrations  when  compared 
with  MTI-MMP  alone.  At  high  inhibitor  concentrations  (5-10 
pfu/cell  of  vSC59-T2),  a  significant  inhibition  of  pro-MMP-2 
activation  was  observed.  In  addition,  the  presence  of  TIMP-2 
correlated  with  the  appearance  of  the  57-kDa  spedes  of  MTI- 
MMP.  In  contrast  to  TIMP-2,  co-expression  of  MTI-MMP  with 
TIMP-l  had  little  or  no  effect  on  the  rate  of  pro-MMP-2  acti¬ 
vation  (Fig.  4)  and  the  57-kDa  form  was  not  detected  in  the 
lysates. 

Effect  ofTlMP’2  on  the  Cellular  Distnbution  of  MTI-MMP 
Forms — ^We  investigated  the  effect  of  TIMP-2  on  the  nature  of 
the  MTI-MMP  forms  expressed  on  PM  isolated  fi^m  co-infected 
BS-C-1  cells.  As  shown  in  Fig.  5A,  the  PM  of  BS-C-1  cells 
expressing  only  MTI-MMP  contained  the  60-  and  44-40-kDa 
forms,  as  determined  by  immunoblot  analysis  using  the  pAb 
437  (Fig.  5A,  lane  3).  CJo-expression  of  MTI-MMP  and  TIMP-2 
correlated  vrith  the  detection  of  both  the  60-  and  57-kDa  forms 
in  the  PM  whereas  the  amount  of  the  44-40-kDa  spedes  was 
significantly  reduced  (Fig.  5A,  lane  4).  PM  of  control  cells 
(infected  with  vTF7-3  alone)  showed  neither  MTI-MMP  forms 
(Fig.  5A,  lane  2),  as  expected.  PM  of  phorbol  ester-treated 
HT-1080  cells  were  analyzed  in  parallel  and  found  to  contain 
the  57-kDa  form  of  MTI-MMP,  as  a  major  enzyme  spedes  (Fig. 
5A,  lane  1).  The  PM  fi*actions  were  also  examined  for  the 
presence  of  TIMP-2  (Fig.  5B).  As  expected,  TIMP-2  was  only 
detected  in  the  PM  of  BS-C-1  cells  co-expressing  MTI-MMP 
and  TIMP-2  (Fig.  5B,  lane  4)  and  in  the  PM  of  HT-1080  cells 
(Fig.  5B,  lane  1). 

The  surface  assodation  of  MTI-MMP  and  TIMP-2  in  BS-C-1 
cells  expressing  MTI-MMP  with  or  without  TIMP-2  was  exam¬ 
ined  by  surface  biotinylation  followed  by  immunopredpitation 
with  the  appropriate  antibodies.  The  60-  and  44-40-kDa  forms 
of  MTI-MMP  were  the  major  surface-biotinylated  spedes  im- 
munopredpitated  fix>m  cells  expressing  MTI-MMP  alone  (Fig. 


5C,  lane  1),  in  agreement  with  the  results  obtained  with  the  PM 
fractions.  As  expected,  no  biotinylated  endogenous  TIMP-2  was 
immunoprecipitated  from  the  same  sample  (Fig.  5C,  lane  3),  In 
the  cells  co-infected  to  express  MTI-MMP  and  TIMP-2,  the 
57-kDa  form  of  MTI-MMP  was  also  surface-biotinylated,  in 
addition  to  the  60-  and  44-40-kDa  forms  (Fig.  5C,  lane  4). 
TIMP-2  was  also  detected  on  the  cell  surface  (Fig.  5C,  lane  6) 
suggesting  its  assodation  with  MTI-MMP.  The  specifidty  of 
these  procedures  was  demonstrated  by  the  lack  of  signal  in  the 
absence  of  antibodies  (Fig.  5C,  lanes  2  and  5).  A  similar  profile 
of  MTI-MMP  forms  was  previously  reported  by  Lehti  et  al.  (25) 
on  the  surface  of  phorbol  ester-treated  HT-1080  cells,  which  are 
known  to  express  TIMP-2  (10,  19).  These  results  also  demon¬ 
strate  that  the  processing  and  cellular  localization  of  MTI- 
MMP  forms  in  the  vacdnia-infected  cells  is  similar  to  that 
found  in  cells  naturally  expressing  MTI-MMP, 

We  next  examined  the  ability  of  the  PM  fractions  derived 
from  cells  expressing  MTI-MMP  alone  (containing  the  60-  and 
44-40-kDa  spedes)  or  MTI-MMP  with  TIMP-2  (containing  the 
60-  and  57-kDa  spedes)  (shown  in  Fig.  5A)  to  initiate  pro- 
MMP-2  activation  as  described  imder  “Experimental  Proce¬ 
dures.”  As  shown  in  Fig.  5D,  the  PM  fraction  of  cells  expressing 
MTI-MMP  alone  was  unable  to  initiate  pro-MMP-2  activation 
over  a  5-h  period,  as  determined  by  the  background  activity 
meastired  with  a  fluorescence  quenched  substrate  (38).  In  con¬ 
trast,  pro-MMP-2  incubation  with  PM  derived  from  cells  co¬ 
expressing  MTI-MMP  and  TIMP-2  resulted  in  a  12-fold  en¬ 
hancement  of  MMP-2  activity  over  that  measured  with  PM  of 
cells  expressing  MTI-MMP  alone.  It  should  be  mentioned  that 
the  PM  fraction  capable  of  activating  pro-MMP-2  was  derived 
from  cells  infected  to  express  MTI-MMP  with  relatively  low 
amounts  of  TIMP-2  (0.1  pfu/cell  of  vSC59-T2)  since  high  levels 
of  TIMP-2  expression  resulted  in  PM  fractions  unable  to  gen¬ 
erate  MMP-2  activity  (data  not  shown).  Taken  together,  these 
results  suggest  that  the  57-kDa  spedes  of  MTI-MMP  is  re¬ 
quired  for  pro-MMP-2  activation. 

The  57-kDa  Species  of  MTI-MMP  Binds  TIMP-2 — Previous 
studies  demonstrated  that  MTI-MMP  could  form  a  complex 
with  TIMP-2  on  the  cell  surface  (10).  Our  studies  indicated  that 
three  m^or  forms  of  MTI-MMP  (60-,  57-,  and  44—40  kDa)  were 
present  on  the  surface  of  cells  with  the  amount  of  the  57-kDa 
spedes  increasing  in  the  presence  of  TIMP-2.  In  addition,  our 
studies  with  BS-C-1  cells  co-infected  to  express  MTl-MIdP  and 
TIMP-2  showed  that  these  cells  exhibited  surface  expression  of 
TIMP-2  suggesting  that  the  inhibitor  was  interacting  with 
MTI-MMP.  Therefore,  we  asked  which  of  the  MTI-MMP  forms 
could  bind  TIMP-2.  To  this  end,  samples  of  various  time  points 
of  a  pulse-chase  experiment  were  incubated  with  or  without 
exogenous  imlabeled  TIMP-2  and  then  subjected  to  izmnuno- 
predpitation  with  anti-TIMP-2.  As  shown  in  Fig.  6A,  the  sam¬ 
ples  from  the  0,  45-,  and  90-min  chase  periods  contained  the 
60-,  57-,  and/or  the  44-40-kDa  forms  of  MTI-MMP,  as  demon¬ 
strated  after  immunopredpitation  with  the  pAb  437.  Addition 
of  unlabeled  TIMP-2  and  the  anti-TIMP-2  mAh  to  each  of  these 
samples  revealed  that,  \mder  these  conditions,  only  the 
labeled  57-kDa  form  of  MTI-MMP  co-precipitated  with  the 
inhibitor  (Fig.  6A).  In  the  absence  of  TIMP-2,  no  signal  was 
detected  with  the  anti-TIMP-2  antibody  (data  not  shown). 

To  fiirther  examine  the  nature  of  the  MTI-MMP  spedes 
capable  of  binding  TIMP-2,  we  used  an  A£R-(3el  lO-TIMP-2- 
affinity  matrix.  To  this  end,  lysates  were  prepared  firom  BS-C-1 
cells  expressing  MTI-MMP  alone  since  co-expression  with 
TIMP-2  would  have  affected  binding  to  the  affinity  matrix.  As 
shown  in  Fig.  6B,  the  57-kDa  species  bound  to  the  TIMP-2- 
affinity  matrix  (Fig.  6B,  lane  1)  whereas  the  60-  and  44-40- 
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Fig.  5.  Kffect  of  TIMP-2  on  the  PM  localization  and  surface  association  of  MTl-MMP  forms.  A  and  B,  immunoblot  analysis  of  MTl-MMP 
and  TlMP-2  in  PM  fractions.  PM  (12  ^g/lane)  isolated  from  BS-C-1  cells  infected  with  5  pfh/cell  each  of  vTF7-3  and  vT7-MTl  to  express  MTl-MMP 
{lane  5)  or  co-infected  with  vT7-MTl  (5  pfti/cell)  and  vSC59-T2  (0.1  pfu/cell)  to  co-express  MTl-MMP  and  TIMP-2  {lane  4)  were  subjected  to 
reducing  10%  SDS-PAGE  followed  by  immunoblot  analysis  with  pAb  437  to  MTl-MMP  (A)  or  with  a  mAh  to  TIMP-2  (B).  As  controls.  PM  isolated 
from  B^C-1  cells  infected  with  the  vTF7-3  vims  alone  {lane  2)  and  of  phorbol  ester-treated  HT-1080  cells  (16  fig)  {lane  1)  were  analyzed  in  parallel. 
C,  biotinylation  of  MTl-MMP  forms  in  BS-C-1  cells  co-infected  to  express  MTl-MMP  alone  {lanes  2-3)  or  MTl-MMP  and  TIMP-2  (lanes  4-6)  as 
described  above.  The  lysates  (500  p.1)  were  immunoprecipitated  with  either  the  pAb  437  to  MTl-MMP  {lanes  1  and  4)  or  the  mAh  CAlOl  to  TIMP-2 
(lanes  3  and  6)  and  protein  G-Sepharose  beads.  As  controls,  the  lysates  received  protein  G-Sepharose  beads  without  antibody  Cones  2  and  5).  The 
immunoprecipitates  were  resolved  by  reducing  12%  SDS-PAGE  followed  by  blotting  to  a  nitrocellulose  membrane  and  detection  by  streptavidin- 
horseradish  peroxidase  and  ECL.  The  biotinylated  molecular  weight  markers  shown  are  from  Bio-Rad.  D,  activation  of  pro-MMP-2  by  PM. 
Pro-MMP-2  (55  nM),  in  collagenase  buffer,  was  incubated  at  37  “C  in  the  absence  (open  bar)  and  presence  of  PM  (0.15  fig^pD  isolated  from  BS-C-l 
cells  infected  to  express  MTl-MMP  {hatched  bar)  or  co-express  MTl-MMP  and  'nMP-2  (black  bar),  as  described  above  (A).  MMP-2  activity  was 
measured  at  0  and  5  h  incubation  as  described  under  ^Experimental  Procedures,”  Similar  results  were  obtained  in  two  independent  experiments. 


kDa  forms  of  MTl-MMP  did  not  (Fig.  6iB,  lane  3)  in  agreement 
with  the  co-immunoprecipitation  experiment.  These  results 
also  show  that  although  cells  expressing  MTl-MMP  alone  con¬ 
tain  low  levels  of  the  57-kDa  species  of  MTl-MMP,  this  form 
can  be  enriched  by  the  affinity  step.  The  57-kDa  species  failed 
to  bind  to  the  TIMP-2  affinity  column  in  the  presence  of  5  mM 
EDTA  (data  not  shown).  No  binding  of  MTl-MMP  species  was 
detected  to  the  affinity  matrix  without  TIMP-2  (Fig.  6B,  lane 
2).  PM  fractions  isolated  from  phorbol  ester-treated  HT-1080 
cells  containing  only  the  57-kDa  species  were  used  as  positive 
control  (Fig.  6B,  lane  4), 

N  Termini  of  the  MTl-MMP  Species — ^To  define  the  nature  of 
the  MTl-MMP  species  including  the  TIMP-2-binding  57-kDa 
form,  a  lysate  of  BS-C-1  cells  infected  to  co-express  MTl-MMP 
and  TIMP-2  to  induce  accumulation  of  the  57-kDa  species  was 
subjected  to  immunoaffinity  purification  as  described  under 
“Experimental  Procedures.’*  The  60-,  57-,  and  44-kDa  (upper 
band)  MTl-MMP  species  were  isolated  from  the  lysates  and 
subjected  to  N-terminal  sequencing.  As  shown  in  Fig.  7,  the 
isolated  57-kDa  form  of  MTl-MMP  displays  a  N  terminus 
starting  at  Tyr^'^  and  therefore  is  identical  to  the  active  species 
of  MTl-MMP  previously  reported  (10,  25).  The  N  terminus  of 
the  60-kDa  species  starts  at  Ser^'*  demonstrating  that  this 
species  is  the  latent  form  (pro-MTl-MMP)  (1).  The  44-kDa  form 
starts  at  Gly^®**’,  which  is  at  the  beginning  of  the  hinge  region 
(1,  8),  and  therefore  lacks  the  complete  catalytic  domain.  In 
agreement  with  the  N-terminal  sequencing  data,  a  pAb  to  the 
propeptide  domain  of  pro-MTl-MMP  (pAb  36)  (34)  failed  to 
recognize  both  the  57-  and  44-kDa  species  (data  not  shown). 


DISCUSSION 

A  cellular  approach  designed  to  express  MTl-MMP  in  the 
absence  or  presence  of  TIMP-2  facilitated  the  characterization 
of  the  three  major  MTl-MMP  species  and  revealed  a  unique 
interaction  between  MTl-MMP  and  TIMP-2  by  which  the  in¬ 
hibitor  regulates  the  nature  of  MTl-MMP  enzymes  on  the  cell 
surface.  The  results  presented  here  demonstrate  that  the  con¬ 
centration  of  active  MTl-MMP  (57  kDa)  on  the  cell  surface  was 
directly  and  positively  regulated  by  TIMP-2.  Absence  of  inhib¬ 
itor,  on  the  other  hand,  resulted  in  a  significant  decrease  in  the 
amount  of  active  enzyme  on  the  cell  surface  leading  to  the 
generation  of  a  membrane-bound  inactive  44-kDa  species, 
which  was  further  processed  to  lower  molecular  weight  forms. 
N-terminal  sequencing  of  the  44-kDa  species  revealed  that  this 
form  starts  at  Gljr^^  and  hence  lacks  the  entire  catalytic  do¬ 
main  but  maintains  the  hemopexin-like  domain  and  the  hinge 
region  (1).  A  previous  study  reported  a  N-terminal  sequence  of 
a  43-kDa  species  of  MTl-MMP  starting  at  in  the  catalytic 

domain  (25).  This  species  was  isolated  from  the  media  of  HT- 
1080  cells  transfected  to  overexpress  a  soluble  transmembrane- 
deleted  MTl-MMP  and  therefore  the  en23rme  amd/or  mecha¬ 
nism  responsible  for  MTl-MMP  cleavage  in  solution  could  not 
be  established.  Although  both  the  previously  reported  43-kDa 
form  (25)  and  the  44-kDa  species  identified  in  the  present  study 
are  functionally  inactive,  our  sequencing  data  were  obtained 
with  wild  type  MTl-MMP  and  therefore  the  N  terminus  of  the 
44-kDa  species  is  likely  to  represent  a  true  cleavage  site. 

Previous  studies  implicated  MMP-2  in  the  processing  of  ac¬ 
tive  MTl-MMP  to  the  44-kDa  species  (40,  41).  However,  our 
results  clearly  show  that  this  process  is  MMP-2  independent 
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Fig.  6.  The  ST-kDa  form  of  MTl-MMP  binds  TIMP-2.  A,  BS-C-1 
cells  were  mfected-transfected  to  express  MTl-MMP  as  described  in  the 
legend  to  Fig.  lA.  Three  and  half  hours  post-infection,  the  cells  were 
pul^labeled  with  (^®S)raethiomne  for  15  min  and  chased  for  90  min.  At 
various  times  (0,  45,  and  90  min),  the  cells  were  harvested  in  lysis 
buffer.  A  fraction  of  the  lysates  (20  pi)  was  incubated  (2  h,  4  *0  with 
150  nM  unlabeled  TIMP-2  (-»*)  and  then  immunoprecipitat^  with  the 
mAh  to  TlMP-2  (a-TIMP-2).  In  parallel,  another  fraction  of  the  lysates 
(20  pi),  which  did  not  receive  unlabeled  TIMP-2  (— ),  was  supplemented 
with  harvest  buffer  to  imraunoprecipitate  MTl-MMP  with  the  pAb  437 
(a-MTl-MMP),  as  described  under  "Experimental  Procedures.”  The  im- 
munopredpitates  were  resolved  by  10%  SDS-PAGE  vmder  reducing 
conditions  followed  by  autoradiography.  B,  BS-C-1  celb  were  infected  to 
express  MTl-MMP.  The  next  day,  the  cells  were  lysed  in  lysis  buffer. 
The  lysates  (500  pi  each)  were  incubated  (12  h,  4  “C)  with  either 
Affi-<j€l  lO-TIMP-2  matrix  {lanes  1  and  3)  or  Affi-Gel  10  matrix  without 
immobilized  TIMP-2  {lane  2)  (50  pJ  suspension  each).  The  bound  firac- 
tion  was  eluted  with  20  pi  of  Laemmli  sample  buffer  with  /3-mercapto- 
ethanol.  The  samples  (bound  and  unbound)  were  resolved  by  12% 
SDS-PAGE  follow^  by  immunoblot  analysis  with  the  pAb  437  to  MTl- 
MMP.  Lane  1,  fraction  bound  to  AfB-Gel  lO-TIMP-2  matrix;  lane  2, 
fraction  bound  to  Affi-Gel  10  matrix;  lane  3,  unbound  fraction  from 
Affi-Gel  lO-TIMP-2  matrix;  and  lane  4,  PM  of  phorbol  ester-treated 
HT-1080  cells,  as  control. 


since  vaccinia-infected  BS-C-1  cells  do  not  produce  detectable 
prt)-MMP-2  (26,  27).  Cleavage  at  the  Gly-Gly^®®  peptide  bond 
and  consequent  generation  of  the  44-kDa  species  was  signifi¬ 
cantly  inhibited  by  TIMP-2,  as  shown  in  cells  co-expressing 
MTl-MMP  and  TIMP-2.  Ellebroeck  et  al.  (40)  reported  a  reduc¬ 
tion  of  the  44-kDa  species  in  concanavalin  A-treated  ovarian 
carcinoma  cells  receiving  exogenous  TIMP-2.  However,  the  ef¬ 
fects  of  TIMP-2  on  the  profile  of  the  MTl-MMP  forms  could  not 
be  differentiated  from  the  pleiotrophic  effects  of  concanavalin 
A,  which  may  include  effects  on  TIMP-2  and/or  MTl-MMP 
expression  as  well  as  effects  on  cellular  organization  and 
plasma  membrane  structure.  A  recent  study  indicated  that 
TIMP-2  modulates  MTl-MMP  activity  in  melanoma  cells.  How¬ 
ever,  a  direct  correlation  between  TIMP-2  expression  and  MTl- 
MMP  processing  could  not  be  established  (42).  Based  on  the 
results  in  the  vaccinia  system,  which  allowed  modulation  of  the 
level  of  TIMP-2  expression  in  the  cells,  we  can  conclude  that 
the  accumulation  of  the  67-kDa  species  of  MTl-MMP  and  the 
reduction  in  the  amount  of  the  44-kDa  forms  is  a  sole  conse¬ 
quence  of  the  presence  of  TIMP-2.  The  fact  that  TIMP-2,  but 
not  TIMP-1,  inhibited  the  generation  of  the  44-kDa  species 
further  demonstrates  that  MTl-MMP  processing  is  an  autocat- 
a]3d:ic  event.  The  lack  of  effect  of  TIMP-1  is  consistent  with  the 
weak  inhibitory  activity  of  TIMP-1  for  MTl-MMP,  as  previ¬ 
ously  reported  (12,  43).  However,  the  inhibitoiy  effect  of 
TIMP-2  can  be  mimicked  by  general  S3mthetic  MMP  inhibitors 
(40,  41)  or  by  exposure  of  cells  to  concanavalin  A  or  phorbol 
ester,  which  may  induce  TIMP-2  expression. 

Due  to  the  difficulty  in  modulating  the  level  of  MTl-MMP 
and  TIMP-2  expression  in  cells  the  direct  contribution  of 
TIMP-2  to  the  activation  of  pn)-MMP-2  could  not  be  established 
in  a  cell-based  system.  The  data  presented  here  show  for  the 
first  time  in  a  living  cellular  system  that  pro-MMP-2  activation 
by  wild  type  MTl-MMP  is  tightly  regulated  by  the  level  of 
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Fig.  7.  N-terminal  sequence  of  MTl-MMP  forms.  Diagram  of  the 
location  and  sequence  of  the  MTl-MMP  forms  isolated.  signal 
sequence;  pro,  propeptide  domain;  catalytic  domain;  TM,  trans- 
membrane  region;  Cyto.  tail,  (^oplasmic  tail. 


TIMP-2  expression  in  the  cells.  These  results  are  consistent 
with  the  biphasic  role  of  TIMP-2  in  pro-MMP-2  activation  as 
first  proposed  by  Strongin  et  al.  (10)  in  vitro.  The  stimulatory 
effect  of  TIMP-2  on  pro-MMP-2  activation  has  been  attributed 
to  the  formation  of  a  ternary  complex  between  MTl-MMP, 
TIMP-2,  and  pro-MMP-2  (10,  18,  19).  However,  our  data  show 
that  BS-C-1  cells  expressing  MTl-MMP  alone  were  able  to 
initiate  pro-MMP-2  activation  suggesting  that  TIMP-2,  and 
hence  ternary  complex  formation,  may  not  be  an  absolute  re¬ 
quirement  for  pro-MMP-2  activation.  Consistently,  a  C-termi- 
nal  truncated  TIMP-2,  unable  to  form  a  complex  with  pro- 
MMP-2,  and  marimastat,  a  synthetic  MMP  inhibitor,  can 
promote,  at  relatively  low  concentrations,  the  accumulation  of 
active  MTl-MMP  and  consequently  the  activation  of  pro-MMP- 
2.^  Under  these  conditions,  the  surface  association  of  pro- 
MMP-2  is  likely  to  be  mediated  by  other  factors,  which  may 
include  stable  structural  elements  and/or  nonspecific  adsorp¬ 
tion,  Previous  studies  have  shown  that  the  association  of  pro- 
MMP-2  with  the  cell  surface  can  be  mediated  by  a  variety  of 
factors  including  ECM  components  (44,  45),  heparin  (19), 
and/or  the  integrin  (46). 

Our  findings  suggest  that  the  effects  of  TIMP-2  on  pro- 
MMP-2  activation  may  also  be  related  to  its  ability  to  control 
the  amoiint  of  active  MTl-MMP  in  the  cells  by  preventing  the 
autocatalytic  processing  of  active  MTl-MMP  on  the  cell  sur¬ 
face.  This  is  based  on  the  observation  that  co-expression  of 
MTl-MMP  with  increasing  levels  of  TIMP-2  produced  a  grad¬ 
ual  accumulation  of  the  57-kDa  species  that  correlated,  at  the 
lowest  level  of  inhibitor,  with  enhanced  pro-MMP-2  activation 
when  compared  with  cells  expressing  MTl-MMP  alone.  Thus, 
by  binding  and  inhibiting  a  fraction  of  active  MTl-MMP, 
TIMP-2  reduces  the  extent  of  autocatalytic  processing  of  free 
57-kDa  species  and  therefore  promotes  its  accumulation  on  the 
cell  surface,  which  in  turn  enhances  pro-MMP-2  activation. 
However,  the  ratio  between  firee  and  TrMP-2-bound  (inhibited) 
active  (57  kDa)  MTl-MMP  has  yet  to  be  determined.  At  high 
inhibitor  concentrations,  activation  of  pro-MMP-2  was  signifi¬ 
cantly  diminished  despite  the  higher  amounts  of  57-kDa  MTl- 
MMP  detected  under  those  conditions.  A  plausible  explanation 
for  this  apparent  inconsistency  may  be  the  titration  of  all  active 
MTl-MMP  species  by  TIMP-2,  which  results  in  inhibition  of 
pro-MMP-2  activation  as  previously  proposed  (18, 19).  Further¬ 
more,  the  maximum  pro-MMP-2  activation  observed  at  the 
lowest  level  of  the  57-kDa  species  detected  in  the  cells  may 
reflect  the  high  catalytic  efficiency  of  active  and  TlMP-2-free 
MTl-MMP  toward  pro-MMP-2.  This  may  also  be  the  case  in 
cells  infected  to  express  only  MTl-MMP.  Our  data  suggest  that 
the  57-kDa  species  of  MTl-MMP  is  the  major  pro-MMP-2  ac¬ 
tivator.  This  species  is  the  active  enzyme  form,  as  determined 
by  N-terminal  sequencing,  and  its  appearance  correlated  with 
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enhanced  p)ro-MMP-2  activation.  In  addition^  we  have  shown 
that  only  PM  fractions  containing  the  57-kDa  species  (derived 
from  cells  co-expressing  MTl-MMP  and  TIMP-2)  were  able  to 
initiate  pro-MMP-2  activation  whereas  PM  fractions  lacking 
the  57-kDa  species  had  no  activity  toward  pro-MMP-2.  Finally, 
the  57-kDa  species  co-migrated  with  the  57-kDa  species  of 
MTl-MMP  detected  in  PM  fractions  of  phorbol  ester-treated 
HT-1080  cells,  which  were  shown  to  activate  pro-MMP-2  (10, 
37,  47)  and  to  contain  mostly  active  MTl-MMP  (10,  19). 

The  nature  of  the  MTl-MMP  species  responsible  for  TIMP-2 
binding  remains  controversial.  Both  latent  (21,  22)  and  active 
species  (10)  of  MTl-MMP  have  been  implicated  in  binding  to 
the  inhibitor.  The  data  presented  here  are  consistent  with  the 
57-kDa  species  of  MTl-MMP  being  the  major  TIMP-2  binding 
form.  Co-immunoprecipitation  and  TIMP-2  affinity  experi¬ 
ments  demonstrated  that  the  57-kDa  species  of  MTl-MMP 
bound  to  TIMP-2,  whereas  pro-MTl-MMP  and  the  44-kDa  form 
showed  no  binding  under  the  same  conditions  suggesting  that 
the  latter  forms  exhibit  a  reduced  affinity  for  TIMP-2.  Clonsid- 
ering  that  the  57-kDa  species  starts  at  Tyr^^^  and  that  pro- 
MTl-MMP  showed  no  significant  TIMP-2  binding,  it  is  reason¬ 
able  to  assume  that  TIMP-2  interacts  with  the  active  site  of 
MTl-MMP  (48).  Furthermore,  the  binding  of  TIMP-2  to  the 
57-kDa  species  was  abolished  in  the  presence  of  EDTA,  sug¬ 
gesting  that  the  catalytic  Zn^^  ion  is  required  for  TIMP-2 
binding.  These  results  are  not  consistent  with  the  propeptide 
domain  of  pro-MTl-MMP  being  required  for  TIMP-2  binding 
(22). 

Fig.  8  depicts  a  model  of  MTl-MMP  processing  and  its  reg¬ 
ulation  by  TIMP-2.  Cells  produce  pro-MTl-MMP  that  is  acti¬ 
vated  by  a  pro-convertase-dependent  mechanism  (14,  49).  Ac¬ 
tivation  may  occur  in  the  trans-(3olgi  networit  and/or  at  the  cell 
surface,  as  furin  is  also  targeted  to  the  PM  and  to  the  extra¬ 
cellular  space  (50,  51).  Surface-anchored  active  MTl-MMP  (57 
kDa)  is  a  fully  functional  enz3rme  capable  of  pericellular  prote¬ 
olysis.  However,  in  the  absence  of  TIMP-2,  the  57-kDa  species 
undergoes  autocatalytic  conversion  to  a  44-kDa  inactive  mem¬ 
brane-tethered  form  by  cleavage  at  the  hinge  region  (Gly^®®), 
which  diminishes  the  surface  availability  of  active  MTl-MMP. 
The  44-kDa  form  is  further  processed  to  a  series  of  lower 
molecular  weight  degradation  products.  Under  these  condi¬ 
tions,  the  extent  of  MTl-MMP-dependent  proteolysis  would  be 
determined  by  a  balance  between  pro-MTl-MMP  expression 
and  activation,  the  rate  of  autocatalytic  processing  and  enzyme 
internalization.  Binding  of  TIMP-2  to  activated  MTl-MMP  (57 
kDa)  inhibits  autocatalysis  and  consequently,  active  enz)Tne 
accumulates  on  the  ceU  surface  as  cells  produce  more  MTl- 
MMP.  This  suggests  that,  under  conditions  of  low  levels  of 
TIMP-2  expression  relative  to  MTl-MMP,  TIMP-2  may  act  as  a 
positive  regulator  of  MTl-MMP  activity  and  therefore  may 
enhance  pericellular  proteolysis  including  pro-MMP-2  activa¬ 
tion  and  ECM  degradation.  The  57-kDa'TIMP-2  complex  also 
favors  the  localization  of  pro-MMP-2  (by  ternary  complex  for¬ 
mation)  on  the  cell  surface  thereby  promoting  pra-MMP-2  ac¬ 


tivation  (10, 19).  However,  other  pro-MMP-2-cell  surface  inter¬ 
action  could  play  a  role  (19,  44,  46).  Excess  f  IMP-2,  relative  to 
MTl-MMP,  will  eventually  block  all  active  MTl-MMP  inhibit¬ 
ing  proteolysis.  This  model  reflects  the  d3mainic  and  unique 
interactions  between  MTl-MMP  and  TIMP-2  in  living  cells 
that  tightly  regulate  MTl-MMP  pericellular  activity. 
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